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MASS SPECTROMETRIC INVESTIGATION OF LASER-INDUCED
VAPORIZATION OF BINARY SOLID_COMPOUNDS
Robert Allan-Olstad
Inorganic Materials Research Division, Lawrence Berkeley Laboratory ,

and Department of Nuclear Engineering, College of Engineering,. .

University of California, Berkeley, California .

ABSTRACT

The 1aser;induced vaporization of iron and of a'binary solid . S

compound, zirconium hydride, was studied using a quadrupole mass

:speCtrometer. A Q—switch ruby laser with pulse width of .80 nanoseconds ;_U

was used to heat zirconium hydride samples under high vaCuum t0'temper—v;

atures up to 2500°C. The mass spectrometer ionizer was_located in a

11ne—of s1ght path 40 cm from the target. By an analysis of the

measured mass’ spectrometer Signals, the rate of vaporization of hydrogen;'

" during the rapid temperature transient could be determined

Application of ‘an equilibrium model ‘to the vaporization process -

predicts that.predominantly H2 (rather than H—atoms) should be emitted.jﬂ ‘

~The vaporiZedeZ,should-have a Maxwellian velocity'distribution

characteristic:of the instantaneous surface temperature,:and'the rate
of uaporiaation,snould be related to the H2 vapor pressure‘by the
Langmuir equation. Since the szvapor pressure is a.function of.both
surface temperature and surface hydrogen concentration,.it was necessary;V

to solve simultaneously the time-dependent heat conduction and hydrogen -, °

diffusion equations in the heated zirconium hydride in’Order to predict,}lfy'

the vaporization rates.

It was found that H-atom and H2 molecules were emitted’at»thermalw‘f

-equilibrium with the surface. At. low laser power density, the magnitude

of the H

2 signals agreed with the equilibrium mo&eig At high laser
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power density, the magnitude of the H2 signais_was léés'tﬁan.predicFed,
possibly becausé df a diffusion barrier at:the surface. The H-atom
signals were muéhvlarger than prediéted} indicating thétltﬁey were
»produce@ by a non-equilibrium surface process; |
_Conventiopal modé’lasér pulses (1 msec duration) were used to
vaporize iron samples. The measured mass spectrometef signals were
in agreement with.equilibrium calculations if the flow of molten iron

was taken into account.
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" I. HISTORY OF LASER SOLID INTERACTIONS -

" A. Introduction

s » - 'Since the development of the laser invthe'early 1960's, there

‘has been much experimental and theoretical effort to_dnderstand the

interaction of laser radiation with matter."The'interzction of lasers

:withvmany elements and compoundé, including metals, sénicbnductori; '

insulators, and gaées, have all been investigated. In discussing

lasers and laser-material interactions, there are several laser paranetcr$ 

useful in characterizing the process:

1)

2)

3)

‘per‘unit target area respectively. Whereai'enirgy and power

Laser. energy is the total energy contained in'ailaser pulsg;.
Laser power is the instantaneous rate of energy‘emitted‘by the‘i B
laser. -

Eﬁeigy;density and power density are the laser. energy andfpowéﬁ,'{‘

v t

arerchérécteristic of a particular laser, the energy density" C] .

'.énd'power densify also depend on the spot size to which the léser

isvfoéuéed. Lasers can deiivgr high power dehsities to a

target because the emitted radiation is coherent'as well as
‘intense. The coherence property causes the_lasef energy to

'be<emitted in a slightly diverging beam which can be focused

by'a lens to é small spot.

Absorbed energyvdensity and power dénsity are the fraction of

the incident energy density and power-density,:reapectively, that

are absbrbéd{at the surface of reflectivity R,'énd_are equalvtd

(1¥R1;ﬁimes the incident values.



lMany materials-can exﬁibit-lasing action underietitable §ptiéa1~

'_pamping, but only several are of use in high power laser interactions.:
The Solld state lasers, ruby (0. 6943 micron. wavelength) and neodymium—}”
glass (1.06 micron wavelength) can obtain peak powers of 108 - 109 watts
when operated ln theIQ—switch mode with pulse duratida lO_— lOOinanosecende._
When operated in.the.conventional mode; the peak poWefa“are 104 to 105g

watts foripulses_of 10—4 to 10“3 sec duration. When modeflocked‘operatidn’
is used, pulses of picosecohd duratlon are produced withjpeak power

greater than 1012 watts.

The effects observed when laser radiation is absorbed at a metal

surface, in order of increasiag power density, are: (a) increase ln target
temperature, melting, and vaporization of neutral thetmal—energy specieé,
(b) emission of electrens and thermal ions, (c) emisaiqp'bf high energy ions
and neutrals, and (d) formation:of a highly ionized plasma in front of the
target surfacet The experimental results ofvstudying these-effects |
are reported by such quantities as total yield (number of atoms
removed'from the target), depth of craters produced, eﬁergy and species-
of the emitted particles, and apparent surface and plasma'temperatures.
) Among the reasons for studying these effects are: . (a) deeire to
understand the physical prihciples involved in the interaction,
(b)vdeterﬁinatien of material behavier under rapid tﬁermal transients .
ana at higher temperatures than can be maintained at steady state,

(c) practical applications such as laser cutting and welding, (d) eventual

possibility of obtaining plasma temperatures high.enough.for controlled

thermonuclear fusion, and (e) possible use of lasers as weapons.



o

The literatgre on the interaction of laser radiatlcn with matter
has been_extenSipely reviewed in two recent publications.”’” The
literature data generally exhibit a large amount of scatter because
experimental results are very sens1t1ve to the particular experimental
conditions. Comparlsons of results obtained by d1fferent 1nvestigators
are often difficult to make because of uncertainties inpthe laser

energy and power densities used.

B. Experimental Observations

1. Melting and Vaporization

The most apparent effect observed when a high power laser is

focusedvonto a metal surface is the formation of a crater at the

focal spot.  The laser radiation absorbed at the metal surface can

heat it to several thousand degrees Kelvin. A crater is'formed because °
of vaporization and the removal of molten metal from the.center of the
interaction area'by.the pressure exerted by the receiling molecules.

The depth of.the craters produced by conventional ande-SWitch pulses

on different ﬁetals was determined experimentally by Ready.3 The
measured deptﬁs generally agreed with the depths calculated assuming
that the surface temperatcre was given by the solution to the conduction

equation with constant material properties. Ready's calculations

show that for a particular energy density a high power density heats a’

'small amount of material to high temperatures while a low power density'

heats a large amount of material to lower temperatures. Therefore,

conventional mode pulses can melt a substantial amount of a metal target

and form deep craters while Q-switch pulses form shallow craters by



vaporizing étoms from the surface at very high temperétﬁ;es. Readysﬁ
has proposed thagat'very high power densities, the préésure of.thé |
recoiliﬁg atbms is sufficient to prevent significanﬁ'vaporizatioh ﬁnﬁil’
the critical temperature is reached. Calculations énd yield measuréﬁents”
.by Varsi4 uéingffOCusgd Q-switch pulses on metals indigate that vapofi— o
zation éccurs af'temperatures below the critical temperature and tﬁat
in fact the critical tgmperature‘is séldom reached.

As discussed in Ref. 1, several studies have examinéd the morphblogy
of the cratérs produced by lasers on metal and semicohdﬁctor surfaces.
'Typically, a crater produced by a conventional pulse has a raisgd rim
because of the flow of liquid metal. Damage areas produced by Q-switch
pulses show microcraters surrounding a central melt.zohe; An electron
microscope observation of the damage area produced by léw intensity
laser radiatibﬁ-on germanium showed a structure of hillocks and etch
pits.5

‘2. Electron Fmission

HiStoriéally, electron emission was the first aspééf of particle
production from laser heated surfaces to be studied. Aihg electrons
emitted by a target under Qacuum typically are drawn_tb a.nearby'
collector which is at a positive potential relative to the target.. An
early.experimént6 using a comventional mode pulse oﬂ carBon and tungsten
showed>that the electron emission coincided with the individual laser
spikes. Calculations of the transient surface tempefature showed that
the electron currents could be attributed to ;hermionié éﬁission
according to the'Richardson equation. In.another study,7 it was shown
that the emission of electrons from tungsteh'and platinum tafgets_

heated by Q-switch pulses was thermionic in origin.
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As diséﬁsséd in Ref; 1, severa1 investigators hévé,measured'the
emission of-élecfrons because of a multiphoﬁon photoeiécﬁfic effect.
vThe energies offlaser phofons (1.78 eV for:ruby; 1.17 eV for Nd-glass)
vare lower than the typi;al work functions of metalé éndisehiconductofs
(2-5 eV). IfAtwo or three.laser pﬁbtons are-simultaﬁéoﬁély absqrbéd"

by an electron,_it can have sufficient eneréy to éveréome the work
function barfiérfand be emitted. This effect 1s sméli.énd can be

: observed only when the surface temperature is low enodgﬁito prevent
masking the effect by thermionic emission. |

3. Positive ILon Emission

The positive ions produced in a laser-surface ihze;attion are most
easily deteqted.by the method of charge collection.:vlnvthis method, the
- ions prgducéd_are drawnvto a nearb& colleétor which is at a negative
potential rélati§e to the target. The current pulse‘meésufed across
‘a load resistéﬁée»contains information on the totalribﬁ;éufrent prbduce&
as well as thé fime of flight of the ions from targéﬁ té collector. If
the ion mas$'is:known; the energy of the ions can beAdetermined from.#n
analysis of.tﬁe ion current pulse shapé.l’8

Mass spectrometry has often been used to detect the ions and
neutrals emitted in laser-surface interactionms. As:diécqssed in
Ref..9, the types of mass spectrometeré used includé_ﬁégnetic, time
of flight (TOF), and quadrupole mass spectfometers. In order to be
‘detected, neﬁtrals must first be ianized, usua11y by‘ah-electron beam. -
- Magnétic maSS'filters use a magnetic field to spatially separate ions
of different'mass. ‘TOF mass spectroﬁeters separate ions of different

mass in time réthe:,than space because of the different velocities givén



the ions by an accelerating potential. Sﬁecial modifications of TOF
" spectrometers have been made to study laser surface interactions.lofl;
Quadrupole mass spectrometers detect ions of a selected mass which

have a stable orbit in a combined RF and DC field applied to a quadrupole

structure. Ions are most often detected by an electron multiplier.

located after the mass filter, but ion sensitive plates have also

been used.
Thermionic emission of ions from laser heated metals has been
observed>ih‘several studies using charge collection tééhniques. ?
The measured ioﬁ’curreﬁts are consistent with the-vélues'expected for
thermionic emission of ions according to the Richardson-Smith equation.
These thermionic ions were observable at sufficientlyvléw laser power
densities that no cratering of the surface occurred (“i'x 105 watts/cm2
for conventional:mode, ~8 x 107 watts/cmz for Q-switch mode).
Several‘studies have usea the charge collection technique to
determine the‘engrgy of fhe ions emitted undér high iéser intensities.
Linlor13 measured ions with energy as large as 1000 eV_emitted from
various materials irradiated by.Q—switch pulses with power density
~5 X 109 watts/qmz. Using an electron multiplier to detéct the ions
emitted from a'magnesiﬁm target, Isenorla'found that.ion energies
increased with increasing power density. Ion energies varied from
10—406 eV for'power dehsities ~109 watts/cmz. At very high power
densities (~1011'w5tts/cm2) Gregg15 measured ions wifﬁ énergy as high

as 2000 eV emitted from various materials.



: A TOF specfrometer vas;used to study the masses ;ﬁé'encrgiés of
ions desorbed:frbm a tunsteﬁ surface.16 Evenvthough.réiativel§ loﬁ .
bQéswitCh power dgnsities were used (2-8 X.iO? watts/cmz), some ions
with energy gfeqter‘than 170 eV_were‘defécted. The ions observed‘
were primarily.Na+ ;nd K+, but C+, H20+, CO+, CO; énd'W+IWere also

detected. It was estimated that the total number of particles, includihg

neutrals, was orders of magnitude greater than the number of ions emitted.

4. Neutral Molecule Emission
A quadrupolé_masé spectrometer was used to determiﬁe the species
of neutral molécules desorbed from a tungsteh surfac_e.17 A Q-switch
laser pulse délivéring 2 X 107 watts/cm2 was'used. Therpecies detected_»
were CO, C02,.Hé, H20 and hydrocarbons. Calculations sthed that the
desorption was é.thermal proceés in that the observed-désprption rates
were consistént’witﬁ calculated surféce temperatures, :‘.
In anofhér stﬁdy, a quadrupole spectrometer was.uéed to obéerve
high energy néutrals produced by a Q-switch laser on.W, Ni,“Ti,'C and
. Na_targefs.lg‘_Ppwer’densities were from 5 X 107 to los.watts/cmz.
The spectrométer was tuned opaque and the.ioﬁizatioﬁxchamber was turnedf 
:off so thatvno'ions.or low energy molecules were detected. High energfivf
neutrals were detec;ed directly by the electron multipiier, which was o
iﬁ a liné;of-sight path with the target. The energies of the neutral
molecules were determined to be up to 100 eV. The sbecies of moleculesv
- detected dépended on which target material was used,:th Hz,vCO?.and

CO2 were most commonly observed.



In an eafly study, a magnetic mass spectrbmeter was‘ﬁsed to measure
the composition of the neutral molecules emitted fromﬁlaser,heatgd
graphite.19 A.conventional mode lésef.wés used to Abfain carbon‘vépof
temperatufes of approximately 4000°K. The results shbﬁéd that carboﬁ.
molecules froﬁ.cl to C11 were emitted with an‘oddféﬁén Vérigtibn in-
intehsities'as‘?'function of - the number of atoms per mbiecule.

In a récéht.study,zo a TbF spectrométer was used.tozdetect-the
molecules emitted from graphite heated by a Q—switch lés€r. Tempergtures‘
were estimated to be at the cafbon triple point (4100_t6/4600°K). The

intensities of the C,-to C5 peaks relative to the C1 peak were

2
approximately 30% of the intensities expected for anvéquilibrium
process. This indicates that the formation of the complék molecules
was limited by the kinetics of association and subsequent vaporization
of the moleculés.

The vaporization of selenium by a conventional ﬁode.laser.was
investigated.wi£h>a TOF spectrometer.21 The most predominant ionic
speciés produced was Se+, but all molecular ions froﬁ se; to Se; were
detected. Excited neutral species from Se* to Se* were_detecfed.v |

2 8

5. Plasma Production

At laser power densities greater than‘asout 109'watts/cm2, the
blowoff material in front of the target surface is highly ionized and
can be considered a plasma. The nature of the plasma has been examined'
experimentaily gsiﬁg photography, interferometry, speétroscopy, mass
spectrometry'and charge collection. Photograbhic measurements of the
ionizéd plume have shown that the velocity of the plaéma luminous

front increases rapidly after the material has been emitted from the



target,.indicating that 1aser'energy,is absorbed by theublowofr material_
'itself Results of plasma studies show that plasma temperaturcs up

to hundreds of electron volts can be obtained for laser power density
’ ‘up to 1013 watts/cm3.l

| In one study, Z'Iithium bydride particles were heated'by a Q—switch.ﬂ
laser with power density‘B_x lO11 natts/cm?..'The measnred and calculated
plasma temperatnres were on the order of 100 eV. ' After the plasma is. |

heated the thermal energy is converted to a directed motion of expansion"f

which gives ion kinetic energies up to 1300 eV.

C. Qualitative Model of Laser Interaction at High Power Densities
Laser radiation incident on a metal surface is partially reflected'._

and partially absorbed by electrons beneath the surface. When an electron
absorbs the photon energy, it is raised to a higher energy level ”
in the conduction band. The electron collides with lattice phonons'v
and other electrons, thereby converting the photon energy to thermal
energy of the lattlce. As. the lattice heats up, thermionic electrons
and ions are emitted as well as neutrals. As laser power density
. increases, the degree of ionization of the emitted vapor increases.
The electrons in the vapor can absorb laser photons by. the inverse
Bremsstrahlung:process.1 In order for momentum to be conserved, the
| process must occur within the field of an ion. The plasma becomes
heated by collisions between the eneréetic electrons and.the ions.
The plasma is heated by the laser photons to temperatures of the order id
of tens or hundreds of electron volts until tbe plasma expands and
becomes transparent. Whenvhighly ioniZed, the dense plasma_shields

the surface from the laser so that most vaporization occurs early in
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a high<powerldéﬁéity pulse.‘ As analyzed in Ref. 22, §he;plasma
expénsion is driven by pressure gradients within the Plasma. After:£he
plasma is heated, the total plasma energy goes into é directed energy ‘
of expansion ﬁay from the target. . The kinetic enérgiés of ions of

the expanded plaéma;are typically an order.of magnitudé larger than‘_:;"
the thermal eﬁergy of the plasma. This model thereforé.eXplains the

large ion kinetic energies that have been measured in various experiments.

i,
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1II. EXPERIMENTAL o
' Aﬂ' Purpose .
-fJThe purpose of this research is to examine the behavior of a binaryg;i;'
solid compound under ‘the rapid transient heating by a pulsed laser. .In rh'
contrast most- prev1ous studies have examined the interaction of laser ;h
radiation with elemental solids, especially metals. -Ihe ‘binary compound;-r
~ zirconium hydride'was chosen for several reasons: (ajﬂthe large partiali
pressure of hydrogen in equilibrium with zirconium hydride at elevated o
temperatures’should allow easy detection of the emitted'particles;
(h) the materialvproperties of zirconium hydride have'heen studied
”extensively;vand (c) the behaviorvof'zirconium-hydridehunder transientd?;
heating conditions is of‘interest because of its nuclear‘applications.
. TRIGA research reactors and SNAP (Systems for'Nuclear Auxiliary
Power) reactors use a uranium—zirconium hydride alloy for the fuel and 5
moderator. The uranium exists as a fine dispersion- of metallic uranium>§

'1n the zirconium hydride matrix, so the material properties of the

- mixture are approximately the same as those of pure:zircdnium hydride.:;?'v”
The hydrogen atoms in.the zirconiumvhydride are an effective moderator
because of their low mass number and high concentration. The behavior
ofvthe uraniumfzirconium hydride fuel under rapid transient heating is of
interest for the safety analysis of the fuel under accident conditionsrr{

* In the present experiment, a quadrupole mass spectrometer is used‘gil
to‘detect thedmolecules emitted from a zirconium hydridelsample heatedl‘:7
" by a Q;switch laser. By analyzing the mass‘spectrometertsignals; the
following informationfwas sought:» (a) whether the hydrogen is emitted
'~ as H2 molecules, as egpectedifrom equilibrium considerations, or whether

it is emitted as H atoms; (b) whether the velocity'distribution of the
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emitted'particleS'is that expected for'thérmal equilibriﬁm at the éprface;
(é) whetﬁer thé_aﬁount of emitted particles is that expected for an-
equilibrium‘proéess; and (d) whether the ﬁemperature.tianéient at_the“:
surface is satisfactorily described by the solution to fhe transient heat
conduction eq@éfion‘with'a heat source equal to thevéﬁébrbed laser.ﬁdﬁer,
Although the time scale of the'température transient ié on fhevo;der
pf 10_9 seconds, heat and mass transport in the soli& will be analyzedv
by applicatiéﬁ_of the usual conservation equations.' The latter are
usually applied»to situations in which local thermodynamic equilibrium
is approached. The juétification for considering an éq;iiibrium model .
of transport ﬁifhin the solid is that the time scale 6f‘the laser pulse
-(10-9 sec) is much largervthan the electron collision apd lattice
vibration times'('lO_13 éec). since the fhotons are 3béorbed by the
electrons of the.material, the photon energy shouldise qonverted to
heat instantangously.‘ Since heat is transported by 1§£#ice vibratioﬁs
and .electrons, the concept of thermal conductivity shbql& be valid.
However, the yaporizatioﬁ processes bccurring at the surface may ggg
be well approximated by equilibrium considerations usuélly applied fo
‘steady state-ﬁr'slow.transient situatiqns. It ié thessurface vaporization
phenomena rathervEhén-the‘solid'heat and mass transpért processes to
which the present investigation is directed. vHowevér, because of the close
coupling of éurface and bulk processes during the transiéntrinitiated by
a laser pulse,'thé surface phenomena can be evaluated-qnly if the
transport processés in the solid are assumed to be adéquately described

by conventional theory. .
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The nuaiitative.model prqppsed‘fnt the'tfansient behé§ior pf_
zitconiUm hydride isvan follows: (a) the laser radiation is absnrbed'
‘et the surface.and causaes a temperstureitransient aeéprding to‘the'
tine—dependent‘heat conduction equation; (5) H2 moleenles (and perhepgbuf
H'atoms) are emitted from the heated surface at a rate which depends
'Qn“surface.temperature and hydrogen content of the sei;d; and (c) the
depletion of hydrogen near the surface because of the.ﬁ2 flux is
" described by theitime—dependent diffusion equation. ‘The-najor question
is whether stepr(b) is adequately described by a model based uéon:
equilibrium thernodynamics and detaileq balancing (i.e., Langmuir type
vaporization, see Ref. 23)). | | -

The behavier of zirconium hydride at moderate neximnm surface
temperatureg.(léss than ~2500°K) was of interest in this study. The
Vaporization'effthe zirconium lattice and production.et'an ionized |
plume of vapetbetvhigh laser power densities were not efndirect interest;

In addition to studying the behavior of zirconiqn;hydtide heated - |
by a Q—switch-laser, the.laser—induced vaporizatien of\iron was also
inveStigated."This was done because the vaporization of a monatomic
substance is avmuch.simpler phenomenon than the vaporization of a binary;
_compound When calculations and experiments on iron are compared,. the |
validity of certain aspects of . the equilibrium model and experimental
technique may be established.

B. Experimental Apparatus

1. ,Introduction

The experimental apparatus shown in Figs. 1 and 2 consists of
three main components. (a) the laser and equipment for measurement of

laser power‘and'energ&, (b) vacuum system containing the target and the
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Fig. 1 Schematic of experimental setup:' The three regions separated by the
dashed lines are (a) laser equipment for measuring laser power and energy;
(b) vacuum system containing the target and mass spectrometer; (c) the
mass spectrometer signal processing equipment. o
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XBB 7210-5420

Fig. 2a Experimental apparatus. From back to front: on left, laser power
supply, laser and laser power scope; in center, target chamber, mass
spectrometer chamber and laser energy scope; on right, mass spectrometer
electrometer electronics and mass spectrometer scope.
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XBB 7210-5420

Fig. 2b Experimental apparatus. From left to right are the laser, mass
spectrometer chamber, and target chamber. Below the mass spectrometer
chamber are the ion pump and ion gauge controllers.
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mass soectrometer and (c) the signal process1ng equ1pment. The laser
pulse is focused onto the solid target under vacuum at an angle of 45°v-
from the normal. As a result of heating by the laser,.the target enits
molo(u]es or ions. A small fraction_of the emitted particles pass

through the collimating aperture between the target end.uass spectrometer
chambers and-pass through the mass spectrometer ionlzerl A small per-
centage of the molecules passing through the ionizer are ionized by electron
impact and those of a partlcular mass pa-sed through the mass filter |
are detected by an electron multlpller. The current produced at the
electron.multiplier output is displayed on an oscilloscope. This
measured'signéllcOntains information on the amount of a particular

species emitted as well as the time of flight (hence velocity or energy)
of the emitted epecies. |

' 2. Laser Apparatus

The laser'used is a Korad KQ-1 system. A 4 in. X-9/16 in. ruby
rod of standard doplng (0.5% Cr ) is pumped by a helical xenon
flashlamp. The laser can operate in either the conventional or
Q—sw1tch mode. In the convent10na1 mode the rear reflector is 100%
reflecting at the laser wavelength 6943A, and the output reflector
used is a 13% transmitting sapphire etalon. The output is a series
of verticelly polarized spikes with a total duration of_about 1.0
msec and total energy of up to 10 joules. In the Q—éwitch mode,
laeing ls suppressed by a passive cell at the rear reflector until
the light intensity is sufficient to bleach the cryptocyanine dye in
the cell. When_the dye is bleached, the rear reflector becomes 100%

reflecting, allowing stimulated emission of the highly_inverted
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population of the Cr3+ energy levels. 1In this case the laser output
is‘a_single "giant pulse' lasting about 50 nanoseconds and containing

energy of about 1 joule.

The optical elements following the laser output.reflector are
a beam splitter,‘ a'cell containing a solution‘of CuSOa in water, a
focusing lens;:,dnd a pyrex window in the vacuum chanber.

The transmissivity of the CuSO4 cell is calibra;eo aé a function
of CuSO4 concentration. Therefore the laser energy inoioent on the

target can be varied by varying the CuSO4 concentration. The focusing

lens serves three purposes: a) it determines the spot size at the
focal plané and hence determines the energy density at Ehe target,
b) it producoS'rhe far-field pattern at the focal pléné Whioh has a
simpler spatial oharacterization than the near field pattern, and
c) it pérmits easy alignment of the laser on the targét_by vertical
or horizontal adjustment of the lens position.

A glass laboratory slide is used for a beam splitrer, which
reflects sevoralrper cent of the incident laser radiation to an Mg0
diffusor. Since the Mg0 block is é‘drffuse reflector,'only a small
amount of the;léser radiation incident on it is detected by the Korad
KD1 photodiode. For each 1asér pulse, the Korad phorodiode produces
a signal proportional to the laser power and a signal proportional
to the 1aser energy (that is, the time integral of the power signal).
The power signal is fed into a Textronics Type 519 scope which has a
risetime of less than 1 nanosecond. Since a 519 scope does not have
any gain control, the distance between the photodiode and the Mg0

block must be adjusted so the power signal gives almost-full scale
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deflection on'the,scope. Theipower trace is triggered'internqlly:

by use of aﬁ,internal delay line. The. energy signal is measured on

aVIextronicégiyﬁe 585A dual trace'scoﬁg which is triggered by a pulse
at the time the flaéhlamp is fired. -There is‘aAdelay'of approxinateij
0.5 milliseéond;betweenithe time the flaéhlaﬁp is fired ahd the-oniétx.
of lasing. VWhen.the iaser isvdperafed in the cpﬁvéntiéugl mode, the
power signal on the 519 scope is foo small to measure,ggﬁt the power
can be determinedvby differentiating the total energy signal.

The energy. contained in a laser pulse is determined by using a

factory—calibrated Korad KJ-2 calorimater. The calorimeter is aligned

to detect the full unfocused laser beam (a focused laser beam can damage
the window of the calorimeter absorbing cell). The calorimeter output is
fed into a Kéithey Model 150A microvoltmeter, which is connected to a

strip chart recbrder. The laser is firedvinto the célorineter, thelpho;oé

diode energy trace is photographed, and the calorimeter signal is measufed,”

Kno&ing>thevcalbrimeter calibration factor (i.e., mic?ovolts output per:
joule input), the energy trace can be calibrated. The"transﬁissivity
of the CuSO4 cell as a function of concentration is détefmined in a
similar manner by measuring the transmittéd energy Qith‘the calorimeter
placed behind:thé cell. |

| The-lasér-is aligned on the target by use of a He~Re continuous.j

gas laser. The gas laser is aligned so that it is COaxial with the'ruby

laser. This is done by firing.the, ruby laser at a‘pdlaroid princ placed . -

‘in front of the vacuum chamber window. The gas laser is aligned so

that it passes through the center of the ruby and hits the center of the

damage area on the print.
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A partially successful attempt was made té.measﬁie th¢ laser energy
refiected from the target. A United Detector TechnoiogyﬁfIN8/LCA :
silicon photodiode with a'l_cm2 active area was mounted iﬁ the vacuum
chamber to detgct.thevspecularly reflected laser beam. In order to
reduce the laser intensity sufficiently for detection, a sealed cell
of concentrateq CuSO4 solution and a red and green glaééffilter were
placed in front of the diode. The glass filters blocked out the white
light from thé flashlamp during ﬁhe éhotodiode calibrétibn with the
direct laser beam. The phofodiode was in a circuit similar to that of. 5 '
the Korad photodiode. The energy detected by the photodiode is
proportionalbto the voltage droﬁ across a capacitor paffially discharged.
during the lasef_pulse. This voltagg drpp is measuréd éimultaneously
with the Korad eﬁergyvtrace on the.dual trace 585A scope. See Section‘Dl
for a discuSsion.of these results. o ’

‘3. Vacuum System

The Target is mounted on a linear feed-through,'sb{fhat the targetﬁ
could be displaced slightly after each Shqt, thefeby prOQiding fresh
areaé of_the target for-sﬁcceésive laser pﬁlSes. Théitéfget‘chamber is5 
pumped to 10_7 torr by a 500 liter/sec, 6-inch oii diffdéion pump' o
with liquid ﬁiﬁi}ogen cooled baffle. A 1/8 in. diameﬁei collimating -
aperture is located between the tafget and mass spectrometer chambers
at a distance qf_8 in. from ﬁhe target. |

Thg masé spectrometer chambef is pumped by a 200'1iter/sec ion
pump and a titanium sublimation pump. A gate valve is 1Qca§ed between
the two‘chambers so that the mass spectrometer is képt ﬁnder high
vacuum when changing the target. With tﬁe g#te'valve close&, the pressure

can be maintained in the 10-10 torr range. During éxperimental runs

Lo SN S
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with the gate-raire open; the.presSureiin the mass spectrOmeter'chamberv
is about 8 X 10 : torr.

'The mass’ spectrometer ionizer is located 8 in.- from the collimating V
aperture. A beam flag mounted on a linear feed—through can be positioned
between the orifice and the ionizer in order to block the molecules |
emitted by the target."The alignment.of the laser soot on the target,
collimator,-ano ionizer is made oy sighting through a'nindow in the mass -
spectrometer cnamber down the’molecular beam axis.

4. Mass Spectrometer

The detector:used is an EAI Quad 250 quadrupolebnass spectrometer
with itS'ionizer'nodified to pérmit a molecular beam to pass through
unobstructed. Some of the molecules passing throughithe ionizer are
ionized by electrons emitted from a heated'tungsten fiiament. Some of
these ionized molecules are drawn into the Quadrupole.region:by the |
fringe field reaching into the ionizer from an electrostatic focusing
lens at a potential of 115 volts relative to the ionizer (see Fig. 13).
For detecting ions emitted from the target, the ionizing electrons are
vremoved by not heating the tungsten filament. The ions are deflected
vby 90° to enter the quadrupole structure by the fringe field of the
115 volt potential. Only ions with initial energy greater»than 15 eV
can be detected‘because the ionizer is at a potential of 15 volts
reletive to the'targetvand grouno. The quadrupole strncture'has an
epplied RF eno DC field which determines‘whether an ion of a particular"
Charge—to—mass.ratio has a stable orbit down the structure or not. If
the voltages are such that.the ion has a stable orbit, the ion is detected

by an electron multiplier'mounted at the end of the analyzer.
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The current produced at the electron muitiplier_output is measuxéd,
on a Tektronicé_Type 532 oscilloscope, and_the trace is photographed.'
For the lasef in the Q-switch mode, the_scope is trigger;d by the gafé
pulse from the 519 scope at tﬁe begiﬁning of the giant pulse. For theA‘ .
laser in the cOﬁQentional mode, it was found more reliable to griggér |
the mass spectrometer trace by the trigger pulse produéed‘at the time
the flashlamp is fired. B

The timeAdépendence of the mass spectrometer siénallmeasured when
the target isvbombarded by a giant pulse contains'direct'information'on
the energy of the detected ﬁolecule or fon. This is because the duration
of the laser pulse is much shorter than the time of flight of the ions
or molecules from the target to the ionizer. However, ﬁhe magnitude of
the measured signal should be much less than the signal from steady
state vaporization because the molecular velocity distribution causes
the signal to spread out in time.

In the conventional mode, the time of flight and the spread in time
due to the velocity distribution are on the same order as the duration
of the laser pulse. Therefore, in this case, the mass speétrometer
signal is primarily a measure of the.amount rather thép fhe energy of -

the vaporized material.
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C. Laser Parameter Measurement

1. Energy Incident on the Target

The energy'incident on the targatAis‘giyén‘by:'f.

€inc =ve0 TCuSO4 Tlens Twindow - (2.1
where e, =»lasér energy determined by the energy. calibration
uv W
e @) ()
.K.E. VK.E. joule -

v o\ ' '
(.“ ) = Korad-supplied calorimeter calibration factor

< v )'= experimentally determined ratio of calorimeter signal
" to the voltage of the Korad energy trace.

= experimentally determined transmissivity of the CuSO4 cell

TCuSO4

T T = transmissivity of the lens and vacuum chamber window
lens  window AT :

The transmissivity of the CuSOa,cell as a function of saturated

CuSO4 concentration is shown in Fig. 3. As expected,‘the transmissivity

decreases exponentially with concentration.

The reflectivity of a plane electromagnetic waﬁe,ﬂormal to a

dielectric with index of refraction n is given by 24

Ireflect ; (n—l)2

' inncident n+;

(2.2)
Aséuming-the:ihdexvof,refractign for the lens and winddﬁjis 1.5 and

- considering that the laser is reflected ét each of the four surfaces

gives

. ' \2q4
Iy 1.5-1)]=
Tlens "window [1' (1-5 + 1 0.?5 (2.3)
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Fig. 3 Calibration curve of the transmissivity of the CuSO4 cell.
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2. Laser Power
The shape in time of the giant pulse power trace measured on the
519 scope varies somewhat from shot to shot. For the laser cavity
configuration used, the shape is approximately triangular with the peak
at approximately 40 nanoseconds and the end of the pulse at 80 nanoseconds.
The time corresponding to the peak and the width of individual pulses may
vary from this by #15 nanoseconds. The shape is very sensitive to the
alignment of the laser reflectors relative to the ruby. A characteristic
giant pulse power trace is shown in Fig. 4.
The power of a conventional mode pulse is actually a series of
spikes, as shown in Fig. 5. By measuring the individual spikes of
a conventional mode pulse it is found that each spike has a duration
of from 0.3 to 1 microsecond with 0.5 Usec being representative. The
time spacing between spikes is approximately 1.5 * 1 ysec. The average
power as a function of time can be found by differentiating the Korad
energy trace with respect to time. As shown in Figf 6, the shape of
the average power curve for a conventional mode pulse is approximately
triangular, with the peak at time Tl = 0.15 msec and the end of the pulse
at time T, = 1.0 msec.

2
3. Spot Size and Incident and Absorbed Energy Density

An unfocused laser beam has a very nonuniform spatial energy density.
This is because some regions of the ruby lase more efficiently than
others and the optical pumping is not perfectly unifory. The particularly
active regions are called filaments or hot spots and have a diameter
much less than the ruby diameter. In addition, lasing can occur in

off-axis modes.
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Fig. 4 Typical Q-switch laser power signal. Horizontal scale is
20 nsec per division.

XBB 7210-5371

Fig. 5 Typical conventional mode laser power output. Horizontal
scale is 0.1 msec per division.
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Fig. 6 Typical conventional mode total energy signal and its time
derivative. + = energy signal, x = derivative of the energy
signal, which is proportional to laser power.
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If it is assumed that the primary mode is the TEMoo mode, the

intensity variation in the beam as a function of angle 6 from the axis

has a Gaussian shape:25

4 2,.2
E, (0 = ;‘2“: exp (-6°/8%) (2.4)
m

where Einc(e) incident energy/solid angle at angle 0O

e total incident energy

inc
¢ = mean angular radius of the Gaussian beam
By using geometrical optics, it can be shown that a ray at angle
f to the axis incident on a simple lens of focal length f is a distance
f0 from the axis at the focal plane. In other words, a cone of light
with half-angle 0 is focused by a lens to a spot size of radius f6 at

the focal plane. Therefore, the incident energy density of a.Guassian

beam at the focal plane is found using Eq. (2.4):

E. (r)dA = E, (6)dR (2.5a)
inc nc

i

where dA = rdrd¢ = rfd6d¢o

ds2

sin® dod¢ = 06dodd = % ded¢

So, the incident energy density as a function of radius at the focal

plane is:

e, 2
inc -r
Einc(r) == 5 €Xp (——g—> (2.5b)

where 0 = 6f

Korad Corporation made measurements of the laser angular divergence
on the ruby used in the present experiment. Based on their data, a
value for § was calculated to be 2.56 milliradians. Therefore, the radius

O at which the power density is 1l/e times the peak power density is
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o= 0.0512 cm for £ = 20 cm
o= 0,256 cm for £ = 100 cm

(2.6)
Equation (2.5b) is actually only an approxiﬁation to the actual case.
The beam divergence is larger if modes other than TEMoo are present,
as happens if there is slight misalignment of the laser reflectors.
Also, diffraction effects of the lens limit the ultimate spot size to
the order of a wavelength. Experimentally observed damage areas agree
with the general behavior of Eq. (2.5b) since damage is more pronounced
in the center than at the edges. However, two observations show that the
form of Eq. (2.5b) is only approximate: a) for the giant pulse power at
the threshold for visible damage to the zirconium hydride target, a
diffraction pattern is visible (Fig. 7), and b) a conventional pulse
on an etched iron sample shows damage areas due to individual off-axis
spikes (Fig. 8).
Finally, since the laser is incident on the target at an angle of
45°, the energy density at the target is reduced by cos 45° and has an

elliptical shape. The actual incident energy density at the target is

then:
E, (£',0') = Bos 45 ®inc . r'z(l—sin2.45° cos2¢')
inc™ 2%/ T 2 ? 2 (2.7)
mo g
where r' = radial position on the target

o' azimuthal angle at the target measured from horizontal
To compare the calculated results with the experimental results,
it is necessary to relate the absorbed energy density Eabs(r',¢') to

the incident energy density Einc(r',¢'). Assuming the surface of the

target has a constant reflectivity R,
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Fig. 7 Diffraction pattern produced by Q-switch laser on zirconium
hydride. Dark bands are the damaged area. Incident energy
density = 0.27 cal/cm?. (50x magnification)

XBB 7210-5372

Fig. 8 Conventional mode laser damage to etched iron surface. Spots
are damaged areas due to individual spikes around the periphery
of the central damage zone. Incident energy density at center
of damaged zone = 77 cal/cmz. (200% magnification)
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B, (49" = (1~ R) Emc-‘r"-“?»"')f? B '<2.a) .

As shown‘in Section G and H, the energy densit? overfthe face of =
the‘zirconiUm hydride samples is appronimately constant, but the energy t
density over the interaction area'of the iron samples ie a function of”
r' and ¢' accordlng to Eq. (2.7). Since tne numerical calculations are
made assumlng a unlform energy density at the surface, an effective
leser spot sizevon the iron samples is defined as follovs: Consider
a differential area of the target at position r', ¢'. The total energy
absorbed byfthis surface region during the iaser pulse is Eabs(r';o') dA.
- The vaporization rate from dA due to this energy input depends on the N
temporal shape of the laser pulse, the thermal properties of the solid,
and the vapor pressure of the solid. Given these quantities, the
transient vaporization rate for the differential area dA can be conppted.
In general, tne rate of vaporization at first increaeee; passes throngh.'
a maxiﬁnm, and then decreases. The maximum vaporization'rate>depends
upon the energy‘density at the'location of region dA, and may be denoted

by ¢ [E (r ,¢ )] dA The maximum vaporization rate'due to the

max abs
entire target area is the integral of this expression over all r' and ¢'
Define an effectlve target area A off 35 that area of the ‘target whlch
would give the same maximum vaporization rate as that of the entire

target if the centerline absorbed energy density were constant over A off

Ihus, the effectlve.target area is defined by:

o .l abs(r -_— 0] A = j I O o [Eaps (r!59")] r'dr'de! (2.9)
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Change the variables r' and ¢' to the radial position r in the focal

. ’ 1 .
plane, where r = r'(1 -~ sin2 45° cos2 ") /2. Since Eabs(r',¢') =

Eabs(r) = EabS(O) exp(-r~/0%), t?e right-hand side of'Eq, (2.9) becomes:

o 27 . o £ - . : | 'vl b_ .
@ (E - (r)) r'dr'dé' = f f & (E. (r)) — rdrdo¢". . o
I IO max _vabs )4 max abs " a - sin2 ,450(:032 o)
0 i 0 .

The integraIHOVer'é' equals 2m/cos 45°, so the effective target area is

[+ o] 2
2m r - ‘ .
Aogs = cos 45'°_®m [Eabs(o)]f _ Pmax [Eabs (0) eXP (— 0-2 )] i (2.10?

r=0

where EabS(O) = absorbed energy density at the center_bfvthe target area
The above integral is calculated numerically usihg the results of
the numericél calculations for Qmax as a function of absorbed energy

density (see Section VI—A—l).: For the 20 cm focal length lens,

o = 0.0512 cm, which gives calculated values of A, from 0.4 x 1073 cmzl

3

ff

er EabS(O) = 13 cal/cmz.to 5.0 x 10 cm2 for Eass(o) = 60 cal/cmz.

This corresponds to effective spot diameters of 0.023 cm and 0.080 cm,

respectively.

D. Surface Reflectivity Measurement

1. Iron Reflectivity
The reflected energy diode was used to measure the averagé refleétivity
of polished iron during a conventional pulse. For energy densifies of
20 to 100 cal/cmz,thé measured reflectivity varied fr@m 0.3 to 0.7
with a large amount of scatter. While these values are reasonable

btheyvare not considered reliable because
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~a) At high energy densitiee values of reflectivity greeter than
unity were measured indicating either faclty calibration or
possibly the detection of. other radiations produced during the d:_
interaction | | .
b) When the surface meltl, the reflected 1aser radiation is. not
'reliably 1ntercepted by the 1 cm2 active area photodiode.
c) During'calibration it was. difficult to ascertain that all the
‘incident laser energylwas detected by the photodiode.‘
It was therefore considered more reliable to essume'the iron

reflectivity'was givea by the literature value during.the pulse.

2. Zirconium_HydrideQXeflectivity

The zirconium hydride samples were found not to scatter specularly

but rather in a'broad band in the specular direction.. Rather than

attempt to measure the reflectivity during a laser pulse, a room temper- '

ature value was'measured. A He-Ne continuous gas laser beam was attenuated
and directed at a zirconium hydride sample. A photomultiplier tube was ?
used to measure the reflected band as well as the incident inteneity.' The
reflectivity was deterfmined to be 0.45 * 0.05 at the He-Ne laser wavelenéth

6328A, Assuming ‘that the zirconium hydride reflectivity is a slowly

varying function of wavelength, the measured reflectivity is approxinately

that at the ruby laser wavelength'6943ﬁ.



=34-

E. Mass Spectrometer Calibration =

1. Calibration on Iron

To calibrate the mass spectrometer, an iron moieéuiqf béam was gen- ;
erated by electron beam heating an iron disk at the targéﬁ positionf' Thé
iron temperature was measpred by an opticai pyrometef;faﬂd the mass ' .
spectrometer sigﬁal was recorded on a strip chart recﬁrder. Figure 9
shows the elecf?dn beam heater configuration.
The disks were high pﬁrity polycrystalline iron pbliéhed'with 6
micron diamond paste. They were 0.46 in diameter X O;ll_in thick. A
1/32 in diameter black body hole with depth to diameté;;ratio of about
ﬁhree was drilled below the center of the disk at én;éhgie of 45 degrees;
The disk was.held in a tantalum crucible with a tantalumvcover ring. |
The face of the iron was covered by a circular tungsten foil with a
1/16 in. or 3/16 in diameter hole in the center plus ‘an opening to .
expose the bléck bodybhole. A tantalum shield preveﬁfgd‘molecules
vaporized fromfthe black hody hole from reaching the hass-spectrometer.*;
The tantalum holder was heated from the rear by electrons acceleratéd
from a heated tﬁhgsten filament. The holder was helq_in-place by two
molybdenum screws.and a tungsten spring.to allow fof the:mal expansion. .
The iron température was quite uniform because of the fgw c§ntact‘points‘_j
betﬁeen the holder and the electron beam heater. | |
-The iron temperature was measured by viewing thé b1§ck'body holé ,:7 v -
through a 90° prism‘and the vacuum chamber window. Exéept during acfualU
temperature ﬁeasurements, the window was shielded to préVent the depositidn
of an iron coat; The shield could be moved away from tHe window by.a

magnet .
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If it islassumed.thaf.the surfaces of the black Body hole.have.aﬁ
emissivity of 0.5, numerical calculations»showvthat the-apparenf |
emissivity‘of the hole is 0.98 for a depth to diameter ratio of thrée;z6
This apparenﬁ emissivity.is sufficientiy close to uniﬁy ;hat the holg
is considered tqibe an ideal black body..

The apparénf temperature as measured by the optiéal.pyrometer has
to be corrected.for the transmissivity of the prism énd windoﬁ. The
optical pyrometer determines temperature by comparing.fadiation
intensities at wavelength Ap = 0.65 microns. The obééf?ed intensity
at this wavelength is less than that from an ideal-black‘body.because

the transmissivity is less than unity. The relation'bétween true

and apparent_téﬁperature is: 27.
1 L ok ogme o (2.11a)
T T he p .
true app . - _ :

For T=71 .. T . close to unity:
. prism -window o
2 kA ‘ o -
_Ttrue - Tapp . —Tapp he [1n Tpriém + In Thindow] ' i (Zf}lb)

The constants k; h and c are Boltzmann's constant, Planqk's'constant, ‘
and speed of light respectively. Rather than measure T . and T__, .,

» . window prism
correction terms supplied by the pyrometer manufacturer were used. . -
Equation (2.11b) shows that the total correction term is the sum of the .
correction terms for the window and prism as a function of Tapp'

The mass spectrometer calibration was made for iron temperatures .

from 1135°C to 1385°C.  The mass 56 signal was measuréd continuously
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with the 532 scope in parallel with a strip cha?t rccordcr Thé-ioad
resistance wgs:} M_fg; gll measurements. For each data point, the irép,'
éignal aﬁove béckgrodnd1Was defermihed By takipg the,difference‘betw;§ﬁ '
the ﬁass 56 ;iénal'ﬁithhand,withdutvthé'bcém.flag in'fybnt‘of the ionizér. 
| The mass sééctrOmeter1séttingsﬁused for the calibrétion and all

other experiments were:

v " = 90 volts = electron potential
electron: :
Vi = 15 volts = ion potential relative to the ionizer at the
‘ ‘entry to the quadrupole structure
v = 100 volts = ion focusing potential
focus _
v = 40 volts = electron extraction potential
extractor A
.zmultiplier = -3000 volts = potential across the electron multiplier:
‘ dynodes
1 © = 1.0 milliamp = emitted electron current
emiss : :
I . .= 0.92 ma = collected electron current
extractor

The mass spectrometer resolution setting at mass 56 was adjusted SO
that the valley between adjacent mass peaks just touched. the base line.
‘This resolution is called unit resolution. On measurements of hydroggn.f:'
from the zirconium hydride, the resolution control was set for unit . |
resolution ét ﬁasé 18 rather than mass 56.

Twovéalibrafion runs wefe:mide—-onc with a 1/16:in.:and one with .
a 5/16.in.-diameter source aperture. As derived inVSeC;ion I11-B,
the'steady sta;é.cﬁfrent should be préportionalwto'Péq/T._ Accordig? o
 \£6 the'ClausiQSfClapeyron eqﬁation, the vapor pressure of a condensed

phase‘is given by
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_Peq = Po \exP(—AHVap/_RT.)-_f N o .f _ .(2'.12)

- where AHvap = heat of vaporization per mole, épproxiﬁately constant

R = gas constant

T = absolute temperature

Therefore, a plot of log(IT) vs 1/T should have slope —AHVap/R 1n 10,
where I is the measured current in amps. The product.IT’is plotted
against 1/T in Fig. 10 for the two calibration runms. LeéSt squares
fits 6f these data give the results:
for 1/16 in. aperture: : o .
log(IT) = 7.101 - 20.10 (10°/T) (2.13a)
which gives AH = 92.0+2 kcal/mole '
, vap :

for 3/16 in. aperture: | |
log(IT) = 8.184 - 20.681 (10°/T) =~ (2.13b) -
which gives AH = 94.6%1.4 kcal/mole o

The‘3/1§'ih. aperture data is more reliable than the 1/16 in.
aperture daté beéause the signals. were larger and éovéréd a wider
i range.of.temperaﬁure.

The heat»of'vaporization given by the JANAF tabléézslfor iron varies
from 95.6 to 94;5 kcal/mole over the temperature fange'df the calibratiqﬁ;
Since theﬂmeasufed value of heat of vaporization is inleXcellent agreemégt_
with the litefature value, the ealibration technique'is considered

reliable.

2. Calibration on Molecular Hydrogen
A rough calibration of the mass spectrometer ﬁaé made on molecularv'
‘hydrogen. An accurate calibration would require the construction of

a molecular hydfogen beam of known source strength located at the
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target'position. By éhopping the beam with a mechanical chopper and

measuring the modulated H2 signal, the'calibtation_coﬁld be determined.

Instead of doing this, however, the calibration was made by measuring

2

spectrometer ‘chamber. Hydrogen was introduced into the target chamber -

the H, signal due to a large background Hz_pressure'in_the mass

. through a variable leak. The H-2 pressure in the mass spectrometer

chamber incréasedlbecause of ;he flow of hydrogen thfdugh:thé 1/8 in.
diameter aperture between the two'chambers.

_The preséure in the mass.spectrometer chambef was méésured with
an ionization gauge. _The H2 signal was measured with thé'same mass
spec;rometerlseftings a$ for the irOnvcalibratipn exCebt that the

resolution control was set for unit resolution at mass 18 rather than

mass 56. The'H and H, signals measured across a 1 M load at differentd

2 1

mass spectrometer chamber pressures where:

Pms(torr) VH (volts) VH (volts) .

5 % 107° 0.33 0.04 (variable leak off)
1'% 107 4.3 0.14 |

2 x 1077 14.0 0.4

The mass spectrometer signals on the other background gases were .
approximatelyvconstant, so the increase in pressure was attributed
entirely to hydrogen. The true pressure of hydrogen is 1.8 times the
pressure measured by an ionization gaugé?’ The calibration on H2
- expressed in amps/torr is therefore given by:

10;6(V -V2)
H

amps _ 2 HZ

torr 1.8(P - P°)
ms ms
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H 2 voltage and.méss:épectrometer'chamber

where V° and P° are the H
pressufe respéctiVely when the variable leak is off. The mass sPectrométer

calibration on H calculated from the above equation is 48 amps/torr.':

2

The H, signal is due to ions with charge to mass’ratio_of unity.

1
These can be,either HI-ions produced by_cracking'of Hz'molecules or

ﬁ;+ ions prodﬂcad by double ionization of the molecules. The ratio of

H1 tO'H2 signal due to cracking and double ionization is equal to
v, /v, = 3%.
i H

3. Mass Spectrometer Time Constant

The time constant of the mass spectrometer signal measurement
circuit.wés measured. The RC time-conétantvis due tolﬁhe.cable, connectors,
and oscilloscope capacitances. Individual mass spectrométer pulsés were
photographed on a high gain Hewleft—Packard 130 C oééilloscope. The meas-
urements were made with a scope load of 1M.in parallelrwith a 0.3M resistor.
" The ﬁime'constant of the tfaces was calculated to bev29 psec. Therefore, .
the total capacitance is 126 picofarads. The Textronics 532 scope has |
a capacitance 2 pf larger than the HP 130C. Therefore, wheg using the
532 scope, the time constant is

T = 30 usec for load 0.3 M in parallel with 1 M

(2.14)

T = 12 psec for load 0.1 M in parallel with 1 M

F. Fabrication of Zirconium Hydride Samples

Since bulk samples of zirconium hydride are not readily available
commercially, zirconium hydride samples were fabricated for the experiment;
The method used to hydride zirconium rod was similar cd«that‘described in

Ref. 30. The experimental setup used is shown in Fig. 1l. The hydrogen
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flow system cénSisted of a tank of High éurity hydrogen (99.999+), a
copper catalyst to remove oxygen, a 1iquid4ni;rpgen-cOoled cold ﬁrap
to condense but Qater pfoduced in catalizing the oxygén, a bellows
valyve, . the reaction chamber; a Wallace-Tiernan vacuum gauge, a needle
valve,vand a‘férépﬁmp. The copper‘calayst, designatéd as BTS, is
described in Ref. 31. .It consists of 30% copper in a very finely
dispersed forﬁnstabilized on an inert Alumina—based garrier, and
getters oxygeﬁ'very effectively when maintained at 200°C;

Each zirconium hydride sample was made from high purity (99.995%
pure) 1/8.in.‘diémeter'zirCOnium rod. Before hydriding, the sample
was mechanically po1ished and etched in a solution oftsvparts HZO’
5 parts HCl, and 1 part HF to remove the surface oxide; |

The samp;e was put in a molybdenum crucible and:sﬁépended in a
quartz tube reaction chamber. The c;ucible was heated_b& an induction -
coil around the'qﬁartz tube. Thé temperature was measured by an .
iron-constantan thermocouple that penétrated a hole in the crucible.
The crucible aéted 1ike‘a black body in uniformly heating the gample.
Hydrogen pressure and flow rate were controlled by adjusting the bellows‘,
and needle valves. | |

It was décided to made delta phase zirconium hydride because it
does not undergo a phase change at the eutectoid temperature 550°C and
has a high hydrogen‘content. 'See Section V-B-1 (especially Fig. 15) for‘.
a discussion of the zirconiﬁm—hydrbgen phase system. The‘desired com-
position was ZrH1.63' The vapor pressﬁre at this compositioﬁ as a function
of temperature is given by Libowitz?2 The actual composition produced
was determined by the weight gain £rom hydriding. Knéwing the 1n1;13; ‘

weight Wi and final weightvwf, the H/Zr atom ratio y is:
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My YW g1 Ye T W - 2.15),
Y= M W, 1.008 . W S ’ s
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Before pérf@rmiﬁg the hydriding operation, the ﬁééﬁed cdpper
catalyst was cléaned by pumping on the system with the:diffusion pump
for about six hours. Ngxtlthe sample was inserted into the reaction
chamber, whichIWas tﬂen pumped down to the 10—7 torr-fange.- Hydrogen
was flushed through the system for over an hour, the hydrogen inlet
valve to the reaction chamber was closed, and the_chamber was again
pumped with the diffusion pump for several hours. }The zirconium was
slowly heatéa to 700°C and held for 30 minutes to outéas the chaﬁber
walls. Thé-diffusion pumé wasvthen closed and»a hydrpgeﬁ flow
established at 10-12 mm Hg pressure. The sample waé'held at 700°C
at this pressure for over an hour éo bring the composition to er0.9
at the B - (B + §) phase boundary. The final stage 6f'hydriding was
done by increasing the hydrogen pressure to 106 mm Hg; the_equilib;ium_; -g
vapor pressure'éf ZrH1.6$.at 700°C. This pressure ana fémperature were;v
maintained for 1‘1/2 hours to ensure complete hydriding-éf the'saméle. |
The sample was then slowly cooled to room temperature while maintaining'
the corresponding equilibrium vapor pressure. :
Three.crack—free samples werevmade by this procedﬁfé. After
hydriding, each sample had a faint golden color, indicaﬁing the formation
of a nitride layer at the surface. The initial weight, fina1 weight,

and H/Zr atom ratio calculated by Eq. (2.15) for the'sampies are:
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. sample # Wy (gms) Wf.,(gmé)v Ly
1 0.6493 - 0.6609 1.62
2 0.6399 - '0.6515 = 1.64°

3, 0.5575  0.5676 .  1.64

The close agfeement'between the caléﬁlafed values of H/Zr atom
ratio and the desired value df 1.63 indicates that thé samples were
fully hydrided.

G. Laser Shots on iron

The iron samples for the laser vaporiza;ion experiménts were
machined from thé same high purity polycrystalline stock as'used for
:the iron calibration measﬁrementé.. The samples ﬁere.3/16 in. diameter
by 1/2 iﬁ. long rods. The ends of the rods were machined flat and
brough; to da.final polish with 6 micron diamond paste. Two rods were
mounted on”the-énd of the linear feed-through 'in the target ;acuum
chamber. Each rod could be positioned so that the normal to the end
vféce was coaxiai with the collimating aperture and mass spectrometer
ionizer.

The mass spectrometer signal from iron atoms vaporized by a

Q—switch laser pulse could not be detected above the_backgroun& signal .

at tﬁe Samevmaés nﬁmber.v.The signal produced is mﬁch smaller than iﬁ-
steady étate becéuse iroﬁ afoﬁésafe emitted over a;very éhort'time
cémparéd ﬁo tﬁe exﬁécted width of thé sighal. As caléuléted in
Section IV;B—G;'thé sprééd df:yéloéities of the iromn atbms emiﬁted

from a surface at 2000°K leads to an expected width of the signal of

approximately 400 Msec. If the atoms are emitted over the duration of
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40 nanoseconds,'che reéulting signal haé ém?iitqdé-aﬁéro#imately

0.04/400 =.ld‘4 times the s;eady state signai. 'At high Q—switch lgser
energy densities,:irbn ions with eﬁergy of approximagelf 30 eV werev 
produced which could be detected by the mass spectrométer}' The senf.
sitivity of ﬁhg mass spectrometer to.ions is much grga;er than t6 ﬁéutréis
because tﬁe effiéiency of iopizing neutrals By électrOnfBombardmenp is
low. The production of iron ions wasvéttributéd to the,férmétion of an‘
ionized plume of vapor in front qf tﬁe iron surface.  Thié phénomenon

Qas not of interest in this investigationms. |

Measurable mass spectrometérrsignals were'obtaiﬁéd; however, when

conventional mode laser pulses were fired on the irohvsurface. -In

this case the iron atoms are vaporized from the surfééévfor approximately
100 usec. For-tﬁe same'peak temperature, the amplituaé;df thevsigqal _ |
Jis therefore on the order of 103 times that when the;ifbﬁ is heated byv‘
a Q—sﬁitch pulSé; In qrder to get a large enough enérgy density for
measurable vapdrization, the laser was focused with a 20 cm focal length-
lens. The resulting spot size was approximately 1 mm diameter, so
several laséf shots could be made on each end facé qf the iron rods.
Measurements were made for incident energy densitiesufrém 50 to 140.ca1/§ﬁ2
by‘varying‘the_cqncentration pf the CuSO4 cell, The'résults of these
measﬁreméﬁts aré discussed and analyzed in Section VI?A. All mass
‘spectrometer ﬁeaéurements Qere made with a 0.3 M reéisfor in parallel
with the 1 M load of the oscilloscope to minimize the éfféct of the

time constant on the shape of the measured signal.
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In prinéiple,:the»témperature of-the iron_sﬁrfaéé duriﬁg.a con-
ventional mode pulse could be measured with an infrared'pyrometer with

response time_much less than . .the duration of the;laser pulse. An.

:indium‘antimonide photodetector with response time of less than 10

microsconds was avallable for the purpose._.The charéctétistics gnd
calibration of this pyrometer were reported in Ref. 33. | The pyrometer
was not used, however, because an accurate-calibration'could be made
only if it v1ewed an isothermal surface of at least 1/8 in diameter.
Since this is considerably larger than the laser spot size, the infraneda;
pyrometer could not be used. Even if the laser spot size were large
enough, the pyrometer would have to be calibratéd on‘;n'iron surface of_i
known temperature in order to account for the emissivity of the iron
in the 2 to_6 micron wavelength region. Also a filter'ﬁéuld have  to
be used to éssure that the infrared pyrometer did not detect.any of
the reflected laser radiation.

H. Laser Shots on Zirconium Hydride

The ends. of the three zirconium hydride rods were polished with
6 micron diamond'paste and mounted on the end of the linear feed-through
in the target chamber. After one laser shot on the end of each rod,

the rods were removed and repolished before firing on them again. This -

was done so that the initial surface H/Zr atom ratio was known and

“equal to 1.63. | -
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Méasur;b;erﬁz and Hl signélé were sbﬁained ﬁheQ.ﬁﬂé?zirconiu£ ,
hydride r°dS_W¢I¢ heated with Q—switch'laSer'pgises. -Thé laser was . '
focused with:a 10Q cm focal 1epgth'1ens,> Thé.éaiculafedfléserfqut- v: 
size of appféxiﬁa&ely'0.5 cﬁ.diémetet iS'lafger thaﬁ &hé?6.3é;émAdiameféf

" of the rods,lgé_phe energy density over the face 6f.§hgwgods yas’;
approximatel?_éénétént. Measurements-wefe made for iﬁ;f&ent.enefgy
densities from70.02 to 0.15 cél/cmz. For energy densities greater thén_:
about.O.Z cal/émz;atomic hydrogen ions and zirconium ions were detected;f
The signals were known to be due to ions because they w¢re obtained even .
when the ionizer‘electron current was set to zero. The résuits obtained?
on zirconium h&&ride are discussed and analyzed in Section Vi—B.

For a particular current produced by the mass speétfometer, the
time‘constant'gnd the measured voltage are propo?tiohal to fhe.resistivebﬁ
load. Since the currents produced were small, it waS dgsirab1e>po have.
a large 1oad;  Qﬁ the other hand, it was desirable té:have alsmall load - '
in ordgr'to minimize the effect of the time constant on thé shape of
the measured signal. An acceptable compromise betweeﬁ these-two'effectss

was made by'choosing the load to be either a 0.1 M or 0.3‘M resistor

in:parallel with the 1 M load of the oscilloscope.
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ITI. ' THEORY~-PREDICTED. MASS SPECTROMETER SIGNAL

A. Equilibrium Model for Vaporization from the Surface

An equilibrium model is used to desdribe the vapori;;tion‘of the
molecules‘from:the surface. According to the principleFOf detailed |
<balance,34 for a system in equilib:ium, all processes which maintéin the
equilibrium occur:at the samé rate In a forward and backwéra‘direction.
As applied to a condensed phase in equilibrium with its vapor, the rate
of condensation of vapor molecules of a given velocity is.exactly edual
to the ratevqf'Qaporization of molecules of the same velpcity. |

~ Assume that the vapor in thermal equilibrium,with £he‘condensed
_ phésg has a Maxwell velocity distribution. This is true for ideal gases,' 

for which the potential energy of interaction between molecules is

negligible. The Maxwell velocity distribution is given_i:y}35
. - _eq(m ) 2 AN
F(v)dde ®T (ZﬂkT v" exp ( —3 dvd§2 (3.1):

where F(v)dvd9;= number of molecules of'speed v+>v + dv in solid angle

© df? per unit volume

la~]
[

equilibrium vapor pressure

=
|

- molecular mass
k = Boltzmann constant
T = absolute temperature
Tﬁe'humber of vapor molecules with spéed v+ v+ dv in &Q that

strike a unit surface area per unit time is equal to:

v cosB F(v)dvdf o (3.2)
where 6 is_the angle between.the surface normal and the direction of

the incident molecule.
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The rate‘at which molecules actually coudense ou thevsurfacevmay be
less than the rate at’ which.they strike the surface. This differeuce can :
be accounted for by a temperature dependent condensation coefficient |
o(T), which is def_lned36 as the fraction. of gaseous molecules striking
a surface whieﬁ'eondense. Assuming that this fraction is 1ndependent
of the velocity”aud direction of the molecules and using_the principle
of detailed balance to equate the coudensation rate to the vaporization
rate for molecules of all velocities at equilibrium,_the.uumber of
molecules vapdfized from'a unit area of the surface in‘speed v >v +dv

into solid angle dQ per unit area per unit time is equal to:

- (T) 3/2 2,
. . q m . 3
: a(T) *T (21TkT) v exp( ZkT) cose dvdf2 (_3.3)

If it aseumed that the process of vaporization ieliudependent of
the presence oflthe vapor phase in equilibrium with the ceudeused phase,
the vaporizatlou rate in vacuo is equal to the vapofization rate et
equilibrium, fuerefore under this assumption, the vapofieation rate
in vacuumlis.giueu by Eq. (3.3). bIntegrating Eq. (3.3)‘ouer.a11 speedsv
and the hemisuhete above the surface glves the total rate of vaporization

from the surface:

o= o(T) —=1— moleCules/cmg secll_V _ (3.4)
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Thé vapoti?étiOn féte giVeﬁ by'Eq;”¢3;4): isrjgsgidfrj times-the _"H
maximum rate of vaborizétion'as calcu;ated Sy‘Léngmuif.37 vA§¢ording to
the definition @ffévapo?ation,ccefficién£ giVeh'by Somcjrjaiz3 tﬁe con-
densation coéfficient o(T) is identically equal to the evaporation
coefficient under the assumptions made in-deriving Eq.’(3.4).' For no#t
metals and other Qimple substances, evaporétion coefficients (and.thére—
fore condensation coefficients) are close to unity.3§ If the concentfation‘
of ‘surface éites'frqm which vaporization.can occur is smaller than the

concentration of surface atoms, the evaporation coefficient is less than

unity. 23

B. Caiculated Density of Molecules at thngoﬁizer
"In order to calculate the mass'spectromefer signél that the vaporized
 molecules would produce, it is necessary to calculate the density of
" molecules atvthe ﬁass spéctrometer ionizer as a function of time. Con-
sideration must be given to the fact that faster molecules arrive at
_the ionizér before slower ones and thaﬁ molecules 1ea§e the surface at
different times during the temperature transient. The analysis that
follows is similar to that dome by Saltsburg for‘flasﬁ evaporation

studies. 38 Let

=]
]

time of emission of a molecule from the surface

ct
]

' time of arrival at distance s of speed v molecule emitted
at time T
Therefore, -

MANC: = SN RN (3.5a)

dv = —sdt__ for a particular t and s (3.5b)

¢ - 02
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Let ¢(t,T) deQAS'= number of moleculés-péf'seCOhdsarriVing at distance
s along the normal to the surface at time t which are emitted at time
T > T + dT into solid angle d from the surface area As._ This is_jqu o

equal to A times the rate given by Eq. (3.3) with v fepléced by:Eq. (3.5)

and 6 = 0: ¢  >‘ ' : : | R (3.6)
S ) 32 4 2 '

o(t,T) d1df = A a(T) ed_, o B exp _55:251_____ x dtdf
s KT <2ﬂkT) ¢t - 1)° 2T (e - 02

Since dfi = dA/sz, where dA is a differential area at distance s, the

number of incident molecules at s and t'per unit are# at s emitted at

T > T + dT is:l§_¢(t,T) dT. The number of molécules'per uﬁif volumé

at s and t emiitéd at T > T + dr is the number incident.pér unit area

divided by theip ?eIOCity s/(t - T),o0r:
P () /

n(t,t) dt = A o(T) =k -(-m )3/2 - exp —;—;:Eﬁi-;—> atr 3 7) 
’ s TRT  \2mkT - 0f ZkT(t_—'T)z )

The total,density of molecules at distance s is the integral of
Eq. (3.7) over T where T = T(T). Assuming o to be tempefature independent,

integration yields: -
. . (3.8)

. soA’ 3/2 [t P (T(1)) o 2\,
n(t) = —= (50— f —— &1 exp< . )fidr
ko (2"“) o @a@n’’? ¢ -t 2kT(T) (£ - )2/

_The aferégevdensity of vapor molécules ét the mass spectrometer
'ionizerv(ﬁhich i$‘a distance s from tﬁe ;urface) is 1é$$itban”that
calculated from‘Eq. (3.8) because the collimating aperfurg obstructs
some of the fiéld of view. This reduction is accounted_fqr'by an

average "peaking factor", X, which is defined as the ratio of the
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actﬁa‘l mol’écular. beanfv!i-ntcnsAitv:y aver'agé"d.;.)véf 5' t_h'é-.ioniz;'el_" elv;Ctibﬁ -Sheec: : | o
to the intensity‘from an unobstructed poiﬁf_cosine sour¢§ of the same
source strength.. (For the géometry used in'the’experiﬁént, X is calculated
in'Apéendix'A.) _fhe aQefégeivapbr»denéity over the idnizér electr6n= |
sheet is i timéé_h(t) from Ed. (3.8): |

- (t) ' ‘;(SOLAS (m )3/2' T Peq(r)-' o -ms’ T (3.9)
¢y = —=s (=Y exp[—22——)dr (3.9).
nc;alc - k | ZWR : T5/2(t - T)d (ZkT(t - T)z) S

For the.steédy state case such as that used'inicaliﬁrating the mass
‘spéctrometer with an irqn molecular beam, T'isvindepen&ent of T, the
aboVevintegfal ié»independent of t, and‘the_lower limiﬁvofvintegration

is feplaced by. —~». Performing the integrgl gives for the stéady state
density: | |

XoA P_ (T) o
-__8eq " o (3.10)

n
ss 4ﬂssz

C. Measured Density of Molecules at the Ionizer

. The geometry and electrical circuit of the mass spectrometer ionizer

and mass filter are shown in Figs. 12 and 13. Electrons are emitted

from a hot tungsten filament and accelerated to energy eV The

-electrog'

ions formed by electron-molecule collisions are drawn from the ionizer

by the potential V + Vv , focused by the potential V

-focus ion , and

focus
directed down the quadrupole structure with energy eVion‘for singly chgrgédv
foth‘iThe ioﬁs are detected ét the end of the quadrupole structure by aﬁ
electron ﬁultipiier“which produces a current gain:’of the order 106.

| number of ions

produced/sec in -,ﬁ(t)vi¢ o] (3.11)
. '3 e
the ionizer
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where V, = volume of interaction (cm3)b__

¢, = electron flux (electrons/émz‘seé)
g = ibnizétion cross séction (cmZ)
n(t) = avérage moleCu}a;‘denSity (molecules/cm3)__
But Vi‘= Ai L, Qhere L = length of the electron shee£ (§¢) and..Ai = Cross
sectional area qfrthe_electron sheet (cmz); and ¢e ='Ié/eAi, where
Ie = electron current (couiombs/sec) and e =.electroﬂ éhérge (coulombs/

electron). Thérefore:

number of ions produced/sec = %-ﬁ(t) IédL | - (3.12)

Only avfracfion~of the ions produced. are drawn'iﬁto the quadrupole -
structure, and not all those of the proper mass_actually reéch the electron
mqltiplie;. _The éverall efficiency of collection of’ibns:of a particular
mass dependq on the resolution setting of the mass spéct:ometer as well:
as the fécus and ion potentials, Thefefore, the rate of arrival of ions.

at the electron multiplier is given by:

RICRERE RN Povinly il EFEIOR LN B
where r(t + td) = rate of arrivai of ions at the electron mu1tip1ier
‘which are produced at time t in the ionizer
© Y = fraction of ionms produced that actgaliy reach the
. electron multiplier ,V'
t. = acceleration time plus the drift time of ions down

the quadrupole structure

The rate of arrival of ions is delayed by the time t, relative to
n(t) because of the time required to accelerate and focus the ions and

because of the drift time of the ions down the quadrupole structure.
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As calculated by Jones39 the acceleration time is muchiliis'fﬁan the
drift time so it will be neglected. vSinée an ion ente:s'the quadrupble

structure with kinetic_eﬁergy eV

ion’ o S o  v .
. : /L . :
12 1 d o
evion 5 m vz,é T <E§;> Cl (3714)
Solving for fd gives
ty Ld- eV . : .(3..15)
ion co R
where Ld = léngth of quadrupole structure (cm)-
m = maés of ion (gms)
e = ion Charge (coulombs)
Vion’= ion potential (volts)
or
¢ o= 1.83100 1, [ 3.
—d de4 V - , .
ion v
where L; is in inches, M is in AMU, V. is in volts. For Ly = 5.5 inches

and V = 15'volts:
. ion

. = 2.6 usec for M =1 (hydrogen atom)

t4

= 3.7 psec for M = 2 (hydrogen molecule)

G.17)

19.4 usec for M

56 (iron atom)

H
]

24.6_ﬁsec for M = 90 (zirconium atom)

An ion iﬁpinging‘on the first dynode of the elect;pn multiplier causes
the emissioﬁ of B electrons onvthe average. These secondary electroms afe
accelerated to the secondbdynode where many mbre‘elect;ons are emitted.

The process is repeated down the series of dynodes un;ilithe final

charge of electrons released is:
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N RO

where B = number of secondary electrons produced at-the.first‘dynode‘__
per incident ion ' ' o '
q, = total charge ;eleased'per-incidentvion
e = electron charge
G = electron multiplier gain

- Figure 13 shows the electrical circuit'following the electron
multiplier. For the RC time constant of the circuit mﬁch larger than
the time of depésit of the charge q,, an individual pdlse_produdes

a voltage across the load givén by:

V() = Vo exp'v(—t/"r) H(t) o '( 3.19_). '

where H(t) 1 for t >0

0 for t <0

T = RC = time constant

=
[]

©0.091 M or 0.231 M for 0.1 M or 0.3 M load, respectively,

in parallel with the 1 M scope load

+ C,.
scope lines

Since 'rb

t=0
The current pulse\to ground produced by an -individual ion is_edual to

V(t |
‘—iil-dt =q by the conservation of charge, Vo =q, R/T.

£

V(t)/R:

() = 22 em(-t/1) B a0
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The current at~time t +”td'due,to>those ions reaching the electron
multiplier at time t' + t' + dt' is

dIi(t + td) = number of ions’a:iiﬁing in time t' > t' +dt’

| | times the current attimetﬁ+“téf--t' per ion : A

arriving:at time t' (3‘21)*
= ' ' _

_r(t)dtho(t+t‘d t)_ SR o

Therefore, the total current at time t + td‘is the intgggal of Eq. (3.21)

over t':
.8

t+t, o .

= IR RN ' ' '

I(t + ty) J T Ittt -t () At (3.22)
t'=td : g .

In Eq. (3.22) let t" = t' - tys and use Eq. (3{13) for r(t" + td),; ‘

" Eq. (3.20) for Io(t - t"), and Eq. (3.18) for q,> which-gives:

Lot | t ) 1] - - .
where B K = YIeOLBG : (3.23b)

Rathef ;hap compare I(t + td) predicted by Eqs.'(3,23)
with the measured current, the latter is analyzed to'édlculate a
méasufed vapof‘density at the ionizer, which is then compared witﬁ
the calculated ﬁapor density. Taking the Laplace tr;nsform of both

sides of Eq.;(3.23a) and inverting gives the result:
n (t) = I(t+t)+vT£1—I-(t+t)'/K g ' (3'22)
meas d dt ™ d I T
' Therefore the measured current I(t + td), which-is:equal.tqvthé
measured Vscope(F'+vtd) dividgd by R, can be shifted in time by ty

and differentiated to calculate the measured n(t) aécording to the

| above equation; The effect of the time constant T is to shift the
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measured signal to larger times relativé‘tO'E(t);'-T%mgy be deté;mine&

by analyzing.individual mass speétroﬁeter pulsés'(éeé?Séction I1I-E-3).
The parameters comprising the iﬁstfﬁméhtal const#ni'K of

Eq; (3{23b) are hot'alllknown a priori, but their prédﬁct can be

~determined by measuring the signal due to_a.steady ahd kpown density - L

- of molecules iﬁ the ionizer. At steady state, n and I #re independent'.

of tiﬁe, so'Eds.(3.24) and (3.}0) give‘the steady sféte Current_ISS:

K')-(OLASPe (T)

sSs 88

I =Kn =-——>%9 ' - (3.25) -

4ms kT

The value ova”for iron and hydrogen can be determined from Eq. (3.25).;
USing the reéﬁlts of - the calibration onvthe atomic_iron 5eam and

on the background pressure of molecular hydrogen. The values 6f

Kre and Kﬁé that are obtained are discussed in Sectiéﬁ:VI;A—Z and
Section VI—B—3,:respectively.

Once K is known, Egs. (3.9) and (3.24) can be hsed to compare

theory with experiment.



g
A
e
s
P
Reac:
o~
R
re
W
.
% es
g
Nerst
L
e,
-~
an
£

3

IV. TEMPERATURE CALCULATIONS

A. ,Enegngqujtidn for-Ironv_

In order to predlct the rate of vaporlzatlon from the surface, it
is necessary to calculate the time variatlon of the temperature of the o
-surface resulting from the heating by the laser pulse.vahe heat and
" mass tranquttlﬁtocesses in the selid are assumed to eeeﬁr at constant
- volume in ordet to simplify the calcuiatiogs. If thetmal expansion
wete considered, it would be necessary to calculate the eonvection
cutrents in-the_heated solid and would unduly'coﬁplieete the problem.

. N N A 4
The energy equation for a single component solid at constant volume is:

Qo
L

pc, St = T+ (D) + Alx,y,z,t) ' 4.1)

-t

where . C specific heat at constant volume (cal/cm °K)

density (gm/cm3)

= B <
i

thermal conductivity (cal/cm sec °K)

T = temperature of the material (°K)
A(x,y,z,t) = volumetric heat source (cal/cm3 °K)

For pulsed 1aser_heating of the surface, it willvbe;shown that for
the laser configurationm used, the depth of material heeted is much lesstv
tﬁan the dimensions of the surface aree heated. Thetefqre; to good
'apéroximation, heat conduction occurs only in a direetion norm31 to thef'
surface. For uniform heating over the surface, Eq. (4.1) becomes :

1 Coa2 S
AT(x,t g__ ) dk (T ' -

To account for the possibility of significant ablation from the

nsurface, the semi-infinite solid (x > 0) can be considered to be moving
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in the negative x-direction at speed'v(TS),relatiVe_to;the surface.
Consider x as the distance from thé_moving‘Surfa¢e'ratﬁér'than the

original surface (that is, consider Lagrangian'cootdihates rather: 

than Eulerian). Therefore, replace the partial derivative with respect  "'

42

to time by the :substantial or total derivative, “ that is; replace

3T . 3T - 3T . '
by Fysie V(Ts)§§" Equation (4.2) then becomes

at
st 1 dare,o Y9 earee) | 2 dk@)u’(@_cg)z;__A(x,t)_.
axz K(T) ot K(T) ox k(T) dT \ox k(T)_
o (4.3a)
subject to thebboun&ary conditions
S T(x,0) = T0 3 T(2,t) = To  ”i=' (4.3b)
_k %th_ ;0 = - or)) AHV;I;(TS) - gd(is4 - To4)+ A () (4.3¢c)
where To = initial temperature
Ts = surface temperature
@(TS)'= flux of vaporized molecules (moles/i_:m2 sec) given
" by Eq. (3.4)
vaﬁ(Téj = heat of vaporization (cal/mole)
EO(TS4 —VTQ4) = heat loss from the surface by thefmél'radiation
| (cal/cm2 sec)
K = thermal diffusivity = k/pCV (cmzléeé)
‘As(t) = surface heat source (cal/cm2 sec)
_ v(TS) = ablation speed (cm/sec)

If the laSer radiation is considered as é,volumétric heat source
A(x,t), then As(t) = 0. If it is considered a surfacé'source As(t),

then A(x,t) = 0.
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The ablation speed is related to the total flux of molecules

vaporizing from the surface by the relation
V(Ts) = Q(Té) M/p‘ ‘ o | (4f4)

where M is the holecglar_weight of the vaporizing spééigsbin AMU ana
@(TS) depenAS qn the vapor pressure'and'temperatﬁre.bf_ﬁhe surface
“according to Eq.-(3.4).

.Equatibn$ (4.3) are non-linear because of the t?ﬁperature dependence
of the materi51 properties and because at high temperatures the boundiry ,
condition at the surface is_strongiy temperature depéndeﬁt. Therefore,: 
it is desirable to calculate the temperature by a nﬁmerical proceduré
as described in Appendix B .

' B. éppfoxinate Solutions for Iron Temperature .

1. Approximéte’Energy Equation

| There are several approximate analytic solutionms to Eq. (4.3) thatf
are of use either to check numerical solutions or to  show the relatiﬁe |
impﬁrtance of cgrtain effects. Make the approximationithat

.Q(Ts) = A(x;ﬁ).= € - 0 and.th;t material properties are iﬁdependent

of témperature.~ Equation (4.3) then Seéomes: |

' BzTgx,tZ‘ -1 oT
) K 3t

TE0) =T T =T (4.5)

3T

9x = _As (t)

x=0
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2. Rectangular Heat Source Over Entire Plane |

The solutlon to Eq. (4.5) for ‘the surface heat flux A (t) a
rectangular pulse in time is the. simplest approximation for the temper-
ature transient resulting from a laser pulse. The solution for

A(t) =F_  for 0<t<T
s o , .
=0 for t>T

is given by Carslaw and Jéeger.43 eThe sutface'temperatute is:

[]

2, \1/2 |
-1 -2 (B)7 gero<e<r
| o (4.6)
2F 1/2 S
e ([ - 2] for £> 1

3. Triangular‘Heat Source Over Entire Plane

The solution to Eq. (4.5) for a triangular surface_ﬁeat flux in
time is useful aslan approximation for the temperature profile fesulting"
from a Q-switch pulse (see Flg 4), the average power . of the con-
ventional mode pulse (Figs. 5 and 6), and the power shape of the

individual spikes in the conventional mode pulse. Let As(t) be given by:-

for 0<t<T

1

| As(t?' '

T2 -t \ ) o '
= [—~————] F for 1,<t<T _ (4.7a) .

where Fp absorbed power density at the peak of the t:iengular pulse

T, = time_corresponding to the peak of the pulse

1

T time of the end of the triangular pulse

2



Equation (4 5) can be selved with the ubove A (t) by the method of

' Laplace'transforms. The solution for T(x t) evaluated at x = 0 is

r -

4F K'1/2.[ 3/2 T (tvfif1)3/2

L _GE ok o
Ts(t). To 3k (W) Tl Tl (12 -_Tl) B (t - Tl)
+ - CH(E - T a ' '
1'2-1'1 -2

-where H(t - Ti) is the Heayyside function:

- = > Lo
H(t Ti) 1 for t Ti

=0 for t< Ti o

4. Steady'Heat Source Over Circular Area~of~theyPlane_F'
Consider the solutlon to Eq. (4. 5) with E——- replaced by
ax ,

L1 a_
2 r 2

and A (t) given by
O s

-
o
','QJ

A(t) =F v for t>0 and 0<r<a o
s - - ' i) (4.82)
= 0 for t>0 and r > a '

The solution téfthis‘pgoblem'is useful to show the validityrdf neglectin‘
conduction parallel to the surface. The solution at r = 0 given by

. Carslaw and Jaegéré4 evaluated at the surface is:

o 2F 1/2 ; o
. o (Kt = ierf ~
: Ts(t) =0 =Tt —E—-(;—) '[1 -/ ierfc:(z/;E>] ' (4{8b)

of intereSt is the fractional difference betweéh;this solution andjv
the sdlutiqn obtained for uniform flux over the entire plane. Using -

Eq. (4.6) (with 1>~ ) for the uniform flux solution.gives:
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T (6), T_(t) . B T S

s <gla(g§—> C;mw =0 _ r 1erfc( ) s
(plane) ‘0 S ' 2y Kt :

The functlon 1erfc(x) is a'very rapidly decreasing function of x.

For x = f? 1erfc(x) 4, SO the»assumption of-afplane source 'ﬁ

is good at r = 0 for > 2.5. For a Q—switch pulsé-the assumption'is :

2/Et.

very good- since

“2v/Rt . N . _
mode pulse focused on iron. For spot size radius a = 0.05 cm,
K=0.1 omz/sec and t = 10'-3 sec, 2__-'2.5. Therefore, even in this.
2YKt : :

case the assumptlon is still quite good, but the assumptlon gets worse o

for longer tlmes and smaller spot sizes.

5. . Steady Volumetrlc ‘Heat Source Over Entire Plane Decreasiqg
Exponentially into the Material

Consider the solution to Eq. (4;5) with an expoﬁoﬁtially deoreasingjf.

volumetric source rather than a surface source. That'is:'

-_s‘A(x,t) A.0 exp(—x[G)j_ forv 'to>s0;o;wv

, S(4.9a)
A (t) =0 forallt A

S 45
where § = absorption depth ~100A for metals
P ,
= -2
Ao -8
Fo = absorbed powér density (cal/cm2 sec), assuﬁedsconStant for t > 0 .

Since the laser radiation is actually absorbed in this manner it is of
interest to compare this solution with the solution ﬁot.a'plane source .
- | o | 4 '
at the surface. Again, according to Carslaw and Jaeger 6the solution

in this case at x = 0 is:

~.100. The worst case to consider ‘is avoonventiOnal e



U ow o d 3 8 a0 L s oa
o 4 VoW O U g 3 7
~-67-

T (t). . T. + Egﬂ (%)1/2. -f-k"-i [1 _ exp(%)erfc(—/l;(—z)] .(@.9!;)_

: v o , o i
Therefore, the fractional dlffarence between this solution for —§£->> 1

and the surface'source solution (Eq. (4.6), with T = ®) is:

Ts(t)jsurface source) _ Ts(t)(volume'source) =

8 : '
oy, : - - (4.9¢)
’Ts(t)(surface source) To - Ke

“.'.“

For a conventional mode pulse on iron (K = 0.1 and t of interest

~10 T~ lO_4 sec):

Tsisurface sourcq) (yolume source),< 10 -3

T - T
s(surface source) o
so in this case'the surface source assumption is good.
For a Q-switch pulse on iron, t of interest is greater than

25 X 10—9 sec giving:

T -7 '
‘s(surface source) s(volume source) < 0.02
T ' - T 5
s(surface source) o
so in this case the surface source assumption is in error by several

pet cent.

6; The Effeéﬁ of Spikes in the Conventional Mode Pulse -

As seen in Fig. 5, the conventional mode power output consists
of;é\seriesvof.discrete spikes rather than a smooth triangular puise. -

To?accounf‘fbr,thé effect of the power spikes on the tgmpefature

transient, the following simpler problem is considered: Assume that

the laser heat input to the surface consists of a series of individual

symmetriclspikes each with the same peak powerpr, full width t, = 0.5 \sec,

1

and spacing t2 = 1.5 usec. . This does not represent:the real conventional
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mode pulse becéeée the peak power ofﬁfhe:epikesvflrst—lpéreases withlt.
time, then decreases in a roughly triangular pattern;: The‘splkes afe
also more closely spaced in time early in the pulse than at the end
of the pulsej(see Fig. 5). N

The effect of the spikes on the temperature'tranéleet at the
surface can. be determined. b& first calculating the surface temperature
due to this series of uniformly spaced spikes of equal'peak power. Then
the tempefatuferef the surface is calcelated for a eeﬁetent surface heat
flux equal to the time average of the heat flux of tﬁe;éeries pfvspikes,.
A.comperisonlef'fhese two calculated temperatufe proflleé giVes aﬁ v |
indicatieﬁ of thebeffect of the spikes on the temperatere transient
which should be applicable to the real case wﬁere the.spikes afe not
uniformly speced and not of equel peak-ﬁower.

First consider the case of a seriesvof spikes éf:edual peak:power;if
Let Tspike(Fp;t;itZ) be the change in surface temperetefe at:time ﬁ o
produced by e single spike of peak power Fp which star;ed at.time-it2
with the(inltlal solid temperature equal to To' Tspike( . tzit ) is
» given by Eq. (4.7b) with t replaced by t—itz; T, = 1.and Tlv; tl/2.

The surface temperature due to a series of such spikes spaced in time

by t2 is given by the superposition principle:
. v ] : L
Tseries(Fp’t) - To + § : splke(F st-it ) ‘ . (4'1Q)
i=0 : o

whereljlis the largest value of i such that (t - i,tz) >0, (i.e;, j is
the number of spikes up to time t).
Now consider the case in which the surface is subject to a con-

stant heat flux whose magnitude is given by the average of the spikes,
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Favg’% ?p F1/23231 Th£ surfa¢e tempera;u:g is given:b¥‘§§'~(éf6) ?ith.
T > ®3 | L | e
2'F 1/2
(t) =T + ———3!5»<§t) (4.11)

Thérefore théf?éﬁéerétu;e quillation‘inducéd by,thésgpi#es'is givcn»byx’”*.w
A?(Fp’t)-= series’ ayg‘
fhe_surfgpébfempéra£Uré”caiculated by Egqs. (4;105:§ﬁd (4;11)‘15 shéﬁﬁ
in Fig. 14 for éarly times: It is apparent that aftef?s@veralTspikgs,I
the shape oftthe'temperature oscillation-stabilizes.  By”expaﬁ&ing.
Eq. (4. 12) in a Taylor series for large j is seen that for j S 15, AT

is a functlon only of t! (the t1me from the beginning- of a spike) and not

t, that is, the3shape has stabilized. The result for AT for j > 15 is:

pike( p2t") ' | I , (4.13)

C2E F- 1/2 e
| 2 tz( '"'2‘) |

B | 3/2
8 2 3/2 3/2
N2 Y [ + g0 22 (g )]

AT(F ,t') = T

where g, " +1i tz)/tl

115

' The summation in Eq. (4.13) 1is required because the_térﬁé ﬁhder-ﬁhe
suﬁmatioﬁ are not accurately given by a Taylor serieé‘expansion for smali
i and the summation is not acéura;ely approximated bfién inﬁegral for
‘smﬁll i.

For the real case of temperature dependent material properties and

time dependent peak spike power, it is assumed that the temperature

(F,st) = Tyy (t) B (412) : o
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L ! N Rt
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XBL 7210-5785

Surface temperature resulting from a series of equally space
spikes of equal height (oscillating curve) and from a constant -
surface heat flux whose magnitude is equal to the average :
of the power in the series of spikes. ’
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~05cillatien is.Stiil givenvby Eq. (4513);' However,;F;ihéeFavg are now
functions of;time; and the thermal cenddctiVity k andeﬁhefmel diffusivity
. K are taken at.the average temperatﬁre calculeted ﬁume;ically. .This
assumption should be valid if k and K are approxima;elyieonstant during
‘abspike and if Favg varies elowly during seve?él epikeéil>

The moeﬁ:pfebable velocity of an atom of mass m'vepd:ized from a
surface at temperature'T is ;’; /3??75}. The time.ofifiight of an iron
atom vaporized ffbm é,surface at 2000°K to the mass spectfometer ionizer
is ~400 psec. For an instantaheous pulse of atems ffbmffhe surface,
the time spread of the pulse observed by the mass:speetfbmeter is also
~400 usec, ae één be shown by calculaﬁing the veloci;jvat which vF(v)
is a factor ofie‘less than ;f(;) and converting the fo;mer to time.
Since the widﬁhvin.time due to the velocity spread of thevatoms is much
greater than tﬁejfiﬁe between laser spikes, the mass epectrometer
signal does not see the individual temperature osciliations. Since
the vapor pressure is an exponentially increasing fueétionvof reciprocal -
temperature,”the average fapor pressure during one temperature oscillaeipn
is greater than the vapor pressure at the average temperaﬁure during
the osciilatibn. This effect was found to give predieted mass spectrometer
signals approximately 10% 1erger than would be obtained‘by taking the |
vapor pressure at the average temperature. The effeét.pf the spikes
onvthe temperature transient was therefore neglected,‘ahd the conventienalj
mode pulse Qaejeﬁproximated by the avefage power determined by taking
the time derngtive of the Korad energy trace. . As shown in Section II—C;2,
the shape of the average power is>approxima£e1y trianguier with the

peak at 0.15 msec and the end of the pulse at 1.0 msec.
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c. Energyﬁand Hydrogen Diffusion Equations for Zirconium Hydride

For a two—component material such as zirconium hydride in which
one component is very mobile, the energy_and spec1es conservation.
equations are interrelated. The diffusing speciee transports energy as
well as mass;aand, in addition, a temperature gradienthimpliesrthe
existence of the Soret mass ‘flux and’ Dufour energy flux according to the
thermodynamics of irreversible processee.ﬁ The general energy equation for
a binary system negiecting terms involving convective'velocity and

>

body forces is:

dE o -
i S 12:11_1*1 +A(x,y,z,_.t) | (4.14)

where

R (I

mass density

=
]

specific internal energy

= "second law heat flux"

q
Jii = diffusive mass flux of component i relative to the

mass average velocity:

"h; % partial specific enthalpy of component iv

A(x,y,z,t) = external volumetric energy source o :

Forvthe case of hydrogen diffusing in zirconium, make the following
assumptions:

a) Eachrvo1ume element maintains constent volume during the heating
and diffusing process.

‘b)’The zirconium atoms are on a fixed, rigid lattice so that the
zirconium is immobile and there is no change in-the number of
zirconium atoms in each volume element during the process;

c) Since the mass of hydrogen is only about 1% of the mass of

zirconium, the mass average velocity will be considered to be

zero,
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Note that according to assumptionv(b),.suffacévablatibnvwhich produces
the recession velocity in iron vapofiiétiqn is absent in this case.

To evaluate %%—consider an element of volume of energy e containing

m, grams of H and m, grams of Zr. By the definition of E,

E = e/@er + mH)jwhich is approximately equal to e/mzr~§#nce my is guch_

smaller than my .. Since the volume and number of zirconium atoms are

assﬁmed constant, e (and therefore E) are fﬁnctionswoniy.of m and T.

Since the mass average velocity is assumed to be zero, the substantial
dE _JE '

dervative — = — .
t dt dt

Therefore,

: \ /9m o '
_ m. ] \3 3 5 (4.15)
atv ‘mﬂ . t T\ |

By the definition of specific heat at constant volume: 

9\ _ [°E e L y
(§T)v - (BT) =G S (416
Since E = e/mZr |
(@_I_:‘._ ) " | <8e ) | (Be ) ' (41%,.)
o \omy ) omg \Omy) o omp \Omy) |
. ¥ T T,P,mzrv | : ,

where the last équality is due to assumptions (a) and (b). By the =

definition of partial specific quantities:

EH = partial specific energy of H

@
8
b S

il

(gh’) .= EH = partial specific enthalPY of H (4.18)
T’p’er
(azﬂ) = vy = partial specific.volume of H
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From the thermbdynamic definition of enthalpy it can:beiéhowh that

h, = ey + va. AR ;.__f : (4;19)
Because of the constant volume aSsﬁmptién, ;H =0, so
ey = hH 'y-_  ‘4.20)

‘Combining Eqs. (4.17), (4.18) and (4.20) gives

) = | R (4.21)
(amﬂ) zr " A ' :
Therefore,
d S . .
JRE_ o 3T . o - W
Pae = pCv 3¢ + m,_ h‘ﬂ ra . _ . (4.22)
Bc-'
coc 4 5w
—pqvat + hHBt

where Cy is the mass density of H in the solid (gms H/cm3). By'assumptions

(b) and (c), in = 0 so the energy equation (with'spétial variation in the

x direction only) becomes:

9x

v at hH at - T ‘a‘(l - S—x (hy 3 + Ax,t) (4.23)

The equation representing'the congervation of hydrogen mass is:

dc
B 3
| EC ) (4.28)
Using this in Eq. (4.23) giﬁes:
. . | | -
¢ 3 _ _3g_, 2w | .
-:pCv‘Bt T jHA X + Alx,t) C (4‘25)_

Because jz = (0 and eH hH the second law heat flux is equal to the
first law heat flux of ordinary heat condition.[‘7 The heat flux and

hydrogen flux are given by Shewmon:48



where D-
Q*
k

My
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1 . D'*VBCH . oT
4= MH ox 9x
N .
- dey, . pQ Cy T
“H 0x RT2 ox

molecular wéight of H

thermal conductivity of the zirconium hydfide'

diffusion coefficient of hydrogen in ziréoﬁium hydride

‘heafvof transport of hydrogen in zirconium hydride

(4.26)

- (4.27)

'The first term in Eq. (4.26)vis_thé Dufour energy flux due to a

concentrationvgradient in the matérial} The form given is derived

 assuming that'the diffusing species is dilute and obeys Henry's law.

"Although this is not true for a large concentration of hydrogen in

zirconium, the difference is néglected since the Dufour flux is

generally Véry”small. The second term in Eq. (4.27)1is” the Soret mass:

flux due to a temperature gradient in the material. This can be a

significant térm in the presence of large temperature gradients such

as exist in the laser-heated material.

Substitufiﬁg Eqs.(4.26) and (4.27) in Egs. (4.24) and (4.25) gives

the hydrogen and energy conservation equations in the form:

dc
5t

_ 9 [pg* Efg
v 9t . 9x | MH 9x

"~ The initiai_and boundary conditions for T and ¢y are: -

i *
B_3 |, ey, . DQ CH'QZ
0x | 9x RIZ ‘§x
oT | dey  DQ*ey 3y
+ks-|+ D3+ —35 3%
X | 9x RTZ

T(x,0)

cH(ﬁ,O) =

=T, T(x,t)

C, s C(»,t)

]

ox

T

c

(o}

o

oy

’X

+ A(x,t)

(4.28

4.29)

(4.30a)
(4.30b)
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dc DQ*c,, . . S ,
Iyl . < D 5—5' + ;H gﬁ' =29 (T _,c.) MH ' (4.30c)
x=0 * |x=0  RT ‘lx=0 ' - S S
—ql ng* +x L A éd(rz )
x=0 MH 9x %=0 9 x=0 s o s o

(4.303)
+ ZQ(TS,CS) AHV&p(TS,CS)

where the coefficient "2" of.® is due to the fact that Eq. (3.4) gives

1.0 = . ' . .
the flux of HZ" AHvap 2 HH2 HH is the heat of_vaporlzatlon per

mole of H atoms which equals the negétive of ithe relative partial molar
enthalpy of H in zirconium hydride, where ﬁH is simply equal to‘MHEH;
AHvap is found in terms of the H2 vapor pressure, as described in

Section V-B-4. The remaining terms in Eq. (4.30) have_Béen defined’

previously.

oc,

The boundary conditions can be separated to find 5;— and
5T | Jx=0
3% explicitly. It is also convenient to put the equations in terms
x=0 , ‘ : .
of H/Zr atom ratio y rather than mass concentration cH. After making
these changes, the conservation equations become:
9y _ 9 |, 3y , De*y' 3T - (4.31a)
ot  9x ox 2 9x ‘ » :
: RT .
C ?.1_3_ D.*N él.’.ka_ll + DN §y_+gfy_ T 'ﬂ+A(x.t) (4 31b)
PC, 5t = ox |PWMoax t Kk o|lx 77 = | 8x AW :

RT



) M - I w3 oA . .
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with‘bouﬁdaf&ﬁéoﬁditidns:"

i o
o I

S T(x,0) = T 3 T(®,t) = T .310).
S Y0 =y 5y, =y, (431,
36 (AH - '*‘-AA_(t)'+ eor(T"l’.-.T 4) |
(g_'r_> e ¢ vap 'Q.) 5 8. S .. 0 (4.3Ye)

*olx=0 | DQ*“Nyy, o

rr 2
‘ i . ‘

N o .:>:.Q*y . v,f-'ff‘; : R

(oY 29 . t 78 fOT CR R
sz = -—25) e 3D

(5%) x=0 Nop RTSZ- (Bx) =0 . e

where NO,= pp/ﬂﬁzf + yoMH)= numbe? of.zirconium atoms pe;vunit volume -

= initial density (gm/cm3)fr'=

.po =
y, = initial H/Zr atom ratio
Vg < H/Zr atom ratio at the surface

L]
Il

surface:temﬁerature
An approximate solution for the zirconium~hydride témperature can
_ be obtained analytically from Eqs. (4.31b, c and e) by assuming

Q*, ®, and 3% are zero and that k and Cv.are constaﬁt, The solution

for a triangular pulse is the same as that given for heaﬁingvof iron
by Eq. (4.7). ‘However, fhere is no uéeful analytic_éélution for y-
‘beéause of the strong temper;tufe dependence of D andithg strong
temperature aﬁd'H/Zr ratio dependence of o. Therefqre;.it is desirablei
\ ’ ) 7

to calculate both T and y by a numerical solution as described in

Appendix B,_’ 
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V. MATERIAL PROPERTIES USED IN THE NUMERICAL“CALCULATIONS

A. Iron Properties

1. \Vapor Pressure

The vapor pressure of iron is given beresmeiandvag'as:

log, . P = 19.00206 - 21.67992 X (lﬁL-) + 0.09398 x.(—l—)' — 2.59964 log . T
10 T » 03 10
o (5.1a)
for solid iron 298°K<T<1812°K
103 : T '
log , P = -25.93396 - 14.1245 x (ﬁf—) - 1.1331 x (183) +10.59505 logy T
e (5.1b)

for 1liquid iron 1812°K< T< 3045°K
where P is the vapor pressuré in mm Hg, and T is in °K.:

For temperatures greater than the boiling poiﬁt-(3045°K)’it is
assumed thatithe vapor pressure is still given by Eq. (5.1b). The
vapor pressure is a very rapidly increasing_fuﬁction Qf.temperature.
The vapor prgssure at the melting point (1812°K) is only 0.0546 mm Hg,
while at 3045°K it is 1 atmosphere or 760 mm Hg (by definition of -
hoiling point). .

2. Heat of Vaporization

The heat of vaporization is determined from the expression for

the vapor pressure (Eqs. (5.1)) using the Clapeyron equation:so

M = -R dIinP (5.2)

vap d(1/T)

where R = gés constant = 1.987 cal/°K mole.

The value of AHvap varies from 96.7 kcal/mole at 298°K to 80 kcal/mole



at 3045°K. These:values'are about 3% lOWer thanfthose given in the
JANAF tables 28

3. Specific Heat

The specific heat of iron exhibits several discontinuities in
going from room temperature to above the melting point because of changes
in crystal structure. According to the JANAF tables 28 there is an alpha

to gammatransition at 1184°K w1th a heat of transition AH =0, 225 kcal/mole,
a gamma to delta transition at 1665 K with a heat of - transition AH =

2
0.260 kcal/mole ‘and a. solid to liquid transition at 1809 K with AH

3.630 kcal/mole. In addition, the specific heat exhibits a sharp peak
at the Curie point (1042°K)vbecause of a magnetic transformation.
The molar enthalpy of a material at‘temperature_I can be expressed

in terms of the heats of transition and melting and the molar heat

capacity at constant pressure Cp as follows:

T T . »
° = : g r L :
H (T) 298 + I Allt + f cP dT o ‘ (5._3)
i i- 298 s
where H§98 = standard molar enthalpy at T = 298°K'and.the sum of'AHi

includes all transitions occurring between 298°K and T.
The heats of transition and melting could be taken into consideration

by defining an apparent molar heat capacity Cé equaldto:

CP(T) = Cp(T-) + i AHti' §(T - Tti) V(S.A)

]

where 6(T,f'T£ ) = Dirac delta function
, Lty ,
_—

¢ transition or melting temperature

. i _ R _
Since the integral of the delta function across a transition

temperature is unity:
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H°(T) = H

298 *

298

Crar' (5.5)

Since discontinuities in material properties are not desirable in

the numerical solution of the conduction equation, the heat capacity

is appfoximated‘by a continuous function of temperature. ~.Instead of

using a delta function to account for the heat of melting, a Gaussian

function of finite width centered at the melting pointliskused. The

sharp peak at the Curie point is also .approximated by a Gaussian funccion.

The heats of transition are taken into
the specific heat in the range between

The numerical values for heat capacity

28

tables®” were used in conjunction with

teﬁperature given by Lange51 to obtain

account By uniforgly increasing
the two transitioﬁ_temperatures.
and enthalpy gi&eé'in the" JANAF
the graph of héé;vcapacity vs

the following-approximate form

for the apparent specific heat in (cal/gm°K).

766

3630

¢ - 55 [/_ exp <- — )* o (- L1009 )] (5.6)
'n’O'l 01 11'02 ' 0'2
1 r . _. T ’ . o °
+ | 3.369 + 7.289 (—=) for 298°K< T< 800°K
" 55.85 |~ 3 , A
_ 10
9.2 for 800°K< T< 1200°K ° o
T T \2 S
13.768 ~ 7.748 (—= )+ 3.284 (—= )" for 1200°K< T< 1809°K
10 10
10.50 + 4.0 x 10°%(T - 1809) for T> 1809°K
where 9 = half width of the Curie peak = 130°K
0, = half width of the heat of melting peak = 50°K

2
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o . R G .
" The fit was made so that the ;[ .. CdT' was approximately equal to. -

the increase 1n spec1fic enthalpy in going from 298°K to T v ' The abovev':,
equation gives the specific heat at coustant pressure rather than '
constant volumejas used,in the conduction equation;(Eq,T(4.3)), The
small‘difference'between thesevis neglected since.the actual prseess
probably ocsurshcloser to'constantvpressure:than cdnstaht.volume;

4. Thermal Conductivity

Like the speeific heat, the thermal conductivity foiron exhibits
discontlnuities at the phase transition temperatures.‘ An‘apﬁraximate
contlnuous‘form was made - by a least squares fit of U. S, National
Bureau of Standards data for temperature less than 1200°K and by
11near approximatlons of the Lange data5 for temperature greater than
1200°K. ‘The‘thermal conductivity is assumed to be,cdastant in-the.

liquid range.‘<The form used for k, given in{(éal/cmhseChK) is:

=
f

2 o
= 0.2770 - o 3144 ( 3) +0.1173 ( 3> for 298°K<T<1200°K
o \10 ST

10

for 1200°K<T< 1700°K - ..

L[]

0.0395 + o 02428 ( T3>
10

(5.7)
T

10

~0.0858 + 0.0980 < 3) for 1700°K< T< 1900°K

0.100 for T>1900°K
5. DensitzA. _'
Althoughatheiconduction equation was derived under the assumption

of constant volume and therefore constant density, the small variation

of density with temperature was considered in order to give a more
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realistic value for the thermal diffusivify. The density data of

Lange

7.990 - 0.388 (—T-—) for 298°K<T< 1700°K

1]

103
= 10:82 - 2.05 (—T—3-> for 1700°K< T< 1900°K (5.8)
10 ' o -
= 8.63 - 0.90 (—I-) for T> 1900°K
103 o

where p is in_(gm/cm3).

6. Reflectivitz

The refiectivity of iron at 6943A is the most difficuit of the
iron proper?igé;po characterize.‘_Datavfrqm Ref.'SB:iﬁ&icateS thap
the reflectiﬁity of solid iron varies ffom 0.45 to 0;66‘depending on
the surface éo@dition and temperature. S

Since th§ reflectiVity is not well known, the ngmérical calculations
are made assuming the reflectivify has some adjustabié_éonstant value R.
The calculatiéns are made for varying absorbed energyAdensities. The
incident energy density is then hypothesized to be gquél tq the absorbed
energy density divided by (1 - R).

B. Zirconium Hydride Properties j?i:

1. Zirconium-Hydrogen Phase System

Zirconium is an exothermic absorber of hydrogeﬁ,ﬁhich forms solid
solutions and hydrides éf varying compositién depending on temperature
and Hydrogen content. The phase diagram of the Zr-H'éys;em as given
by Beck and Mueller54 is shown in Fig. 15. The alpha and beta phases

are low and high temperature solid solutions of hydrogen in alpha and
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‘_Flg 15 erconlum—hydrogen phase diagram. ZrHl 63 Was the compositién,‘

used in the present studies.
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beta zirconium fegpectively. The delta And epsilon thSés a:é high
hydrogen content hydride phases with ﬁaximum hydrogen;caﬁﬁent at the
stoichiometriq composition Zer. |

Experimental evidence indicates that the hydrogen‘éXists as H atoms

rather than H, molecules in the zirconium lattice. 'Afulow'hydrogeﬁ

2
concentration the solubility of hydrogen is proportional to the square
56

root of H2 prgssure.55 This is the behavior predicted_by Sieverts law
for the hydrogen.existing as atoms in Solution. Neufron‘diffraction
studies have shown that the delta phase has a fluorite structure witﬂ
the zirconium'atoms on a fage—centefed cubic 1at£icelandvthe hydrogen
atoms in tetrahedral sitess.4 The beta phase consists of zirconium atoms
on a body—centeréd cubic lattice with the H atoms in solid solution.

If the behavior of the zirconium hydride during'tﬁezQ—switch
laser pulse.isvtiuly an equilibrium process, the phaée sgructure at
all times woﬁld be given by the equilibrium phase'diagraﬁ Fig. 15.
As the delta phase hydride heats up, vaporiéation froﬁ the surface
depletes the ﬁydrogen concentration. When the tempeféture and hydrogen
concentration aré at the boundary between the delta aﬁd beta plus -
delta regions, further depletion of hydrogen would briﬁg,fhe material
into the beta plﬁs delta phase region. Delta phaseihydride would be
converted to beta phase until all delta phase is converfed‘ Still
fufther hydrogen depletion would be all in the beta:phasg. -

In order for this complete equilibrium model to hold, the delta
to beta phase transition would have to occur in times ;he order of 10-8

seconds, which is many orders of magnitude smaller than times of normal

phase changes. In the process of changing from delta to. beta phase,
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the zirconium“lattice must'change from:FCC to BCédstructure'and the'
hydrogen must’ redistribute so that the beta phase has a low hydrogen ;.f
concentration.: It lS p0531b1e but not probable, that these changes :
could take place in such a short time since ‘the time scale is large ‘c,;,

~-13

compared to atom osc111ation times (10 sec), the hydrogen atoms are :

"very mobile at high temperatures, and s1nce hydrogen migration need occur

only over'very short d1stances (10 -6 cm). Experiments on’ pulse—heating

of zirconlum—uranium hydride rods have shown57 thatvthe_delta-to_beta

v phase change can occur at least in times on the order of 10 l'sec."

if the temperature transient is too rapid for the phase change
‘to occur,,thehsample would stay in the delta phase configuration but

could have hydrogen,content'lower'than that given byfthefequilibrium'

‘phase'diagrem,’_This will be denoted as the quasi«eduilibrium case’

since the’phasefstructurelis notvthat given by the eguilibrium phase
diagram forrhydrogen content less than that at the deltaebeta plus;
delta boundary; ‘Material properties. for this case are extrapolated.
from known yalues in the delta phase. o

Both the‘equilibrium and quasi-equilibrium models:are used'to
predict the behavior of the zirconium hydride when heated by a Q-switch lf

laser pulse. The actual behavior is probably somewhere between the

' tWO models;‘ Possibly, the quasi—equilibrium model is valid for hydrogena

concentration not much less than that at the delta-beta plus delta

boundary For hydrogen concentrations much less than at this boundary

'.-the delta phase zirconium lattice would- probably collapse to the

: equilibrium beta zirconium,lattice. :
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2. Vapor Pressure

a. Equillbrium model

The equilibrlum vapor pressure of hydrogen over Zr-H is a strong
58
function of both hydrogen content and temperature imnad and Dee
give an empirical fit by Raymond for the vapor pressure of'delta~and

epsilon phase as follows:

log,, Pg = - 3.8415 + 38.6433 y - 34.2639.y2;+ 9.2821 y° |
| - | (5.9a)
103
o+ I—3l 2982 + 23. 5741 y - 6.0280 y ] ( T )
for y > Vs
where Pé = Vapor'pressure of Hé in atmospheres'
T = temperature in °
y = H/Zt-atom ratio
Vg = H/Zr‘étom ratio at the delta-beta plus deltebbbundary

A least squéres fit of the vapor pressure data forrthe beta plus
' 4
delta region compiled by Beck and Mueller5 is:

3

In Pg . = 28.684 - 25.496 (5%?> for yp<y<ys (5.9b)
where PB+6 %\Vapor pressure of H2 in mm Hg S
yg = H/Zr ratio at the beta-beta plus delta bqundary

An approximate fit of the Beck and Mueller da-ta54 .for the beta

phase vapor pressure (in mm Hg) is:
. o 103
1n PB = 10.753 + 15.750 y - (10.610 + 12.503 y) (-Er) :
1 . (5.9¢)

for 0.1<y< Yg
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2 (0.1) for 0<y<0.1 .. . .99

Equatlon (5 9d) requires the vapor pressure "to obey Sieverts law
for y less than 0. 10 Figure 16 shows the 1°g10P vs y as given by
Egs. (5.9) for temperature increments of 50°C from T = 550°C to 1100°

b. Quasi-equilibrium model

For,no'delta_to beta phase change, the vapor pressure is assumed
to be'giveu.by'Eq. (5.9a) for y greater than 1.425. Forfyvless than .
1.425, two models are proposed: a) the vapor pressure at'constant
temperature.is‘extrapolated tovlower.y with some'constant slope (see
Fig. 17) or b) it is extrapolated with a continuous slope that depends;‘
on temperature (see Fig. 18). In both cases, Sieverts law is assumed
for y less thah 0.1.

3. Total and Partial Molar Enthalpies of Zrh&

The totalbenthalpy of a mole of ZrHy is equal to

H=HZr‘+yH_H ; o - (5.;0)

]
=3
1]
2]
1]
o]
]

f
oo N
]

»partial molar enthalpy of Zr
partial molar enthalpy of H
one phase region, the relative partial molar’ enthalpy of H

is g1ven in terms .of the slope of the vapor pressure curve at constant

y by the relatlon:56
T R BlnP] v
- — H° = B '
HH 2 H, 2 [a amly (5.11)
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Fig. 16 H, pressure-composition isotherms for zirconium-hydrogen

system, equilibrium model.
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Fig. 17 Hy pressure-composition isotherms,-quasi—eqpilibrium'f?
model ‘with vapor pressure -extrapolated to lower
composition with constant slope. :
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4.
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XBL 7210-5780

. Fig. 18 Hy pressure-composition isotherms, quasi-equilibrium model
' with vapor pressure extrapolated to lower composition
with continuous slope. '
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where Hﬁ - standard molar enthalpyvoka2 gas
R = gas'constant
P = vaper ptessure‘in a single phaae :egion given by
.E.:q.(59ac‘d)‘ - -
In the two phase beta. pulse delta region” in theAequllibrium model
the true composltion of ZrHy in»terms qf Z?Hy* and ZrHy ‘is given by the

B - 8

lever rule:

o ’e ~Gg-y) v-vg) 2
) rHy = (y — yB) ZI‘H m Z?L‘Hy(S - (5.12)

The total enthalpy of ZrHy in this two phase region is then

(g = ¥) [_ . ] 0 -y [- o | )
H = ————— |H,. + vy, H + —— +.y H.H (5.13
(yg - vg) L2 B H (vg = ¥g) [ 78 ]
L £ vgm T8 TETL Ty Vs :
Identifying HZ and HH from Eqs. (5.10) and (5.13) gives ;
_ (ys - ) (v - yg) )
H, = =" + — (5.14
Zr (y6 yB) Zry (y Vs yB) Zry6.
B . o
and
Yo (ys = ¥) Yo &0 =vyp) -
= B8 $ = $ B” = .
. = = ——— + = (5.15)
WUy Gy -y Hﬂys v Gy - g 'HHYa
where ﬁy = partial molar enthalpy of H in beta phase at composition yB
. 8 |
'H_ = partial molar enthalpy of H in delta phase at composition y6 '
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4. Heat of'Vépérization
The heat of vaporization'is.equal to the negative of the relative
partial molar enthalpy of H. Therefore, for a singlé phase region

AHvap is given by Eq. (5.11):

- "' 1 o. _ R aln?.."'- .
AHv;p L ] HHé) ) [3 a/m ]'y (5'15?) |
For a two phase region, AHvap s found from Egs. (5.15) and (5.16a):

AH =

yg U - y) L) (v - yg)
vap =y

2 M —FE (5.16b)
(yG yB) : Val)y8 ‘ y (y(s yB) i Yapy(s o )
The heat of vaporizétion calculated from Eqs. (5.16) and the given

vapor pressure equations varies with composition, but is on the

order of 20 kcal/mole of H atoms.

5. Specific Heat

The heat capacity data given in Ref. 54 was found to fit the

form: ;
.CP - Cér ty EH ‘(5.'173‘)”

where Cp = peat_capacity of ZrHy per mole of Zr

CZr = molaf heat capacity of pure Zr

EH = partial molar heat capacity of hydrogen in ZrHy
CZr in (cal/°K-mole Zr) is fit to the form:

C,. = 5.3 + 3.33 (——T—g) for T < 600°K
10
(5.17b)

6.46 + 1.4 <—T——> for 600°K< T< 1100°K
03 00

8.0 for T>1100°K
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C.. was fit to the form for 1attice heat capacity according to

H
59
the Einstein model
oo By e B/D g
CHg= 7.0 ) : 5 \*Fmoile /) . (5.17c)
o m@yn - n® VEREEL
where 6 E1nste1n temperature which was chosen to be 1650 K. This

relatively large value for the Einstein temperature 1s- due to the low
hydrogen atom mass, which causes a high frequency of. vibration of |
hydrogen atoms in the lattice. | ,

The spec1f1c heat is. equal to the heat capacity given by Eqs. (5 17)

divided by the gram molecular weight of ZrHy. That is,

CP cal ,- : ) .
c= 92.2 (°K‘gm> ‘ A.'?“ | ~A(5'18)_

In thebbeta plus delta region iﬁ the equilibriumunodel, there is
an additional contribution to the apparent heat capacitylbecause of
the changepih‘enthalpy in converting delta phase to beta phase at
constant y. This contribution is neglected; however; hecause its
effect is smail.
‘As‘invthe‘iron case, the value of specific heat at~con8tant-pressurer

is used instead of the specific heat at constant volume.

6. Thermal Conductivity

The thermal conductivity'data given in Ref. 54 shows a large
amOunt'of.scatter and no regular‘variation with hydrogen concentration‘
or temperature;' The only exception to this is an apparent‘decrease»
of thermal cohdUctiVity ofvggltg_phase hydride withjincreasfné temper-
ature. The thermal conductivity values fall in the.rangef

0.05 £ 0.02 cal/cm sec °C for varying compositions and temperatures.
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For the equilibrium model, the therﬁal ceﬁducti§ify'is:aesiéned the
constant value _ .‘
k = 0.05 (cal/cm sec °C) . N CR )}
For the'qﬁasi—eqhilibrium modei, the thérmal conduetivity-ie that -
of delta phaee‘hydride, given approximately by |

k = 0.05 + 0.0L[1 - exp(~(723 - T)/150)] for T<723°K

, (5.20)
k = 0.05 - 0.01[1 - exp(~(T - 723)/150)] for T>723°K
7. Diffusion Coefficient
The diffusion coefficient of delta phase zirconium hydride as
measured by Albrecht and Goode'(given in Ref. 54) is
| D = 599 exp(~34,900/RT) (cm?®/sec) (5.21)

However, the activation energy for diffusion measured in two nuclear
magnetic resonanee studies has the value 12.3 kcal/mole rather than
34.9 kcal/mole. Beck and Mueller attribute this difference to the
fact that some of the Albrecht and Goode data were mg&e on epsilon
phase hydride rather than delta phase. This eould have given an approxi—
mately correctAmagnitude for,DB in the temperature renge‘of the measure-
ments, but an inaccufately determined ectivation energy..

Therefore, a more realistic diffusion coefficiehteis defined to
have the magnitqde at 700°¢ given by Eq. (5.21) but with activation
energy of 12.3 kcal/mole. This modified form for D used in the

§

numerical calculations is:

Ds = 5.02 x 1073 exp (-12,300/RT) "~ (5.22)
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In the equilibrium modei; the diffusion cqéffiéi@nt}in the beta
phase region‘ig;that measured by Geleiunés, et al. (givén in Ref. 54):

"Dy = 5.32 X 107 exp(~8320/RT) (cn’/sec) (5.23)
.In the beta plus delta region, the diffusion coéfficient is taken
- as the average @f QS and qa weighted by>the relative amount of each

phase present according to Eq. (5.12). -That is:

o (v = ) | - yp) B '24 ,
P%ts = Ty -y 8t Teoyp % .20

8. Heat of'Transport

The heat of transport Q* of hydrogen in delta phase zirconium

hydride was measufedvby Sommer and Dennison(“)to be:
.Q*G = 1.3 kcal/mole of H atoms :~ = (5.25)

The heéﬁ’of transpoft of hydrogen in beta phase'zir;onium was
measured by Droege (given in Ref. 54 ) to vary from 5.5 kcal/mole at
630°C to 11.5 kcal/mole at 860°C'and was found independeﬁt of composition,
Siﬁce the results of the numérical calculations depend only weakly on

the heat of transport, a representative value of Q*B is used: -

Q*B =~ 9 kcal/mole of H atoms :v » - (5.26)

In the befa'plus delta region, Q* is takenbas the average of |

Q#a aﬁd Q#B weighted by the amount of H in each phase: = X
_vg Gg-y) | ys (- vg) 0%, |

Wg4s = y G- vp) Vg * 3 Gg - vg) (3.27)
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‘9. Densifz ' B
The density of delta phase hydfide-aéédrding.t0~Réf: 54 is
approximately: ‘ . » f ‘
P = 5.70 (gm/ém3) .“ ;‘- | ;;- (5.28)
Although £he eﬁergy and H conservation equationsv(Eqs. 4.31) were
derived on the éssumption of. constant density, a conqeﬁtration dependenf
density is used in the equiiibrium model, A linear fit'between tﬁe'

density at y = 0 and that at y = 1.63 1is used:

0 = 6.50 - 0.521 y (gm/cm) o (5.29)

equil
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VI. RESULTS

A;: Iron Results

1. Numerical Results

For a parrieular absorbed energy density, the nunerioal program .

i calenlates the-complete temperature history of the'ironv the Fe flux

_from the surface, and the dens1ty of iron atoms in the 1onizer by

Eq. (3.9). The following values of the parameters in Eq (3. 9) were
employed: i ' 0.44, a =1, s = 40 cm, and A = A off given by Eq (2.10),
It was assumed that the laser is absorbed at the surface and that the
absorbed power density has a triangular shape in time w1th the peak
at 0.15 msec and the end of the pulse at 1. 0 msec. ‘

The surface temperature as a function of time is ebown in Fig..l9:y

for various absorbed energy densities. Significant'features of these

curves are (a) the maximum temperature occure after the peak of the

‘absorbed power,,(b)vthe time corresponding to the maximum temperature

(and therefore maximum Fe flux) decreases as energy density increases,
(c) the spacing between temperature curves decreasee with inereasing
energy density because of increasing energy loss from the surface by

vaporization and (d) after the end of the laser pulse, the surface

" temperature temporarily stays near the melting point because of the

’

energy returned from the heat of fusion.
The relative Fe flux vs time for varioue absorbed energy densities.f_
is shown in Fig. 20. The duration.of time_over whlch_there is signlf—b;.
icant Fe fluk is approximately 400 Usec and increaSeefw1th 1nereasing
energy density. |
The relative mase spectrometer signallis shown‘in:Fig; 21. The

time corresponding to the peak signal decreases with increasing energy
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Fig. 20 Calculatedvrelative flux of iron atoms emitted from the. surface.
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density. This is e#pected:because at higher:éhérgy-denéities thé atoms
are eﬁitted sdbner and with a higher velocity fhan_af}lo%éf ehergyﬂ
densities.

"The width of'the prediéted'mass.speéﬁrometet sigﬁai’ihtreases
with'increasingveﬁe;gy densities densities because the éﬁ§ms are emitted
' dver a longer duration at higher energy dénsities; .Thié'éffect obscures
the narrowing of the predicted signal due to the iﬁcrease.in spread
of velocities at higher surface temperatures; The wi&thfof the predicted
signal is only about 20% larger than tﬁe width of the cét:esponding flux
curve. This indicates that the signal width is primarily‘é measure of
the duration of‘significant vaporiéation rather than thé_sﬁread in time
“due to the velocity distribution of the emitted atoms.,‘

Calculéted solid temperature profiles presented in Fig. 22 show
that iron becomes melted to a depth of approximately lOf3 cm; and that
temperature gradientskof approximately 106°C/cm exist neaf the surface.

The yarious results of the caiculations_useful in»qﬁmparing_theory

with the measured mass spectrometer signal are:

T = maximum surface temperature
max .
¢ = maximum Fe flux
max
Aeff = effective emitting area |
Hmax = maximum value of n(t), the average density.of atoms at the
ionizer
-tpeak = timg-correspondlpg to N ax
,_ = v . 1 n a = < .
_tl/2 = time at which n(t)/nmax ‘ 1/2 for t tpeak
+ : - -
= = > :
t1/2 timg ?F which n(t)/nmax 1/2 for t tpeak‘
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These results are given in Table 1 for various valués'of EabS(O), the
energy densitybat the center of the interaction area.

2. Experimental Results

A typical mgaSured ﬁass 56 signal is shown in_Fig;_Zj. The origin
respresents the-fime'the laser is.triggered rather than.tﬁe time of thé'.
beginning of the laser pulse. The time delay between triggering and
the onset of lasing can be determined from the trace ofvtﬁe Korad energy
pulse. The mass spectrometer signal relative to the beginning of thg
laser pulse and cofrected for the drift time of ions dOWﬁ.the quadrupole
structure is shown in Fig. 24 for incident energy densi;ies at r =0
of 49.5, 77.6 and 133 cal/cmz. The time constant correétidn given by
Eq. (3.24) is small'forvthe iron signals because the time éonstant of
30 psec is much less than the duration of the measured signal. The net
effect of T in Eq. (3.24) is to shift the measured sigﬁél 30 uysec toward
the origin.

The resulté shown in Figs. 24a,b;c are proportional to the measured
atom density.in fhe ionizer. ihe proportionality constéﬁt KFe can be
_ determined froﬁ the iron calibration results of Section II-E-1 using
Eq. (3.25). -Using ﬁhe calibration measurements for the 3/16 in; source
aperture (for which X = 0.44, see Appendix A) at 1573°K’(ﬁhere
Peq = 1.14 X 10;3.torr) and increasing the measufed sigﬁal.by the
factor 1/0.92 to account for the isotopic bundance of Fe56 in Eq. (3.25)

yields Ky = 2.8 x 10716

amp cm3/atom. If the calibration data on the
1/16 in. source aperature data had been used, the value of KFe would

have been 1.8 times that obtained using the 3/16 in. aberture. As

calculated in Appendix A, the average peaking factor.i is approximately
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Fig. 23 Typical measured iron signal. Horizontal scale is 0.5 msec/
division. The circle at the origin is due to a malfunction of
the oscilloscope.
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Fig. 24a Measured iron signal. Incident energy density at center of
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independent of the source diameter for diameters less than 3/16 inch.
However, if the efficiency of extracting ions from the ionizer into
the quadrupole structure is greater near the center of the ionizer
than at the ends, the :effective i for the 1/16 in. aperture will be
larger than the effective i for the 3/16 in. aperture. This effect
would explain the different values of'KFe determined from the different
calibration source apertures. This behavior is typical of the fact that,
in general, estimates of absolute mass spectrometer sensitivities are
generally no better than a factor of 2 to 3.6l

The measured signals may be compared to the predictions of the
equilibrium model given in Table 1 by the measured values of tpeak’
t;/z, t1/2 and Hmax (the only quantity listed that depends on KFe)'
Values of these quantities are given in Table 2 for the conventional
mode laser shots on iron of varying incident centerline energy densities
Einc(o)’ which have been determined from the total incident energy by
using Eq. (2.7). Several low energy density points were rejected
because the signals were attributed to degassing from the iron surface.
The evidence for this was that for Einc(o) ~ 45 cal/cmz, the signal
measured on a fresh surface was much larger than the signal from a
previously pulsed surface. In addition, the signal widths were about
twice as large as calculated and as measured on previously pulsed surfaces.

The appearance of the iron surface after a laser shot is shown in
Fig. 25 for Einc(o) = 45 and 72 cal/cmz. The central crater has

approximate area 1 X 10_3 cm2 for Einc(o) = 45 cal/cm2 and area

3 X 10—3 cm2 for Einc(o) =72 cal/cmz. If it is assumed that the
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Fig. 25a Crater produced by conventional mode laser on iron. Incident
energy density at center of interaction area = 45 cal/cmz.
(50% magnification)

XBB 7210-5373

Fig. 25b Crater produced by conventional mode laser on iron. Incident
energy density at center of interaction area = 72 cal/cmz.
(50% magnification)
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reflectivity is approximately 0.5, the calculated effective areas

Aeff are 0.99 x ]_O“3 and 2 x 10'-3 cm2 respectively. This agreement is

very good considering that the edge of the crater occurs where the
energy density is sufficient for significant melting, while the boundary
of Aeff occurs where the energy density is sufficient for Significant

vaporization.

No Fe+ions emitted from the surface were detected. Thermal ions
cannot be detected since the mass spectrometer can only detect ions
with energy greater than 15 eV. No high energy ions were detected because
the laser power density was not high enough for the formation of a
plasma and subsequent conversion of the plasma thermal energy into a
large directed energy of expansion.

3. Comparison Between Calculated and Experimental Results

ax’ tpeak’ (tpeak - t1/2)’
) are plotted vs Einc(o) in Figs. 26, 27 and 28. The

Calculated and experimental values of ﬁm

e

and (tl/2 - tpeak

data exhibit quite a large amount of scatter because of variations
in surface reflectivity, nonuniformities in the incident energy demnsity,

+ = ; :
and because tpeak’ tl/2 and tl/2 can be determined experimentally only

to within *0.04 msec.

The calculated and experimental values of t
peak

and (tpeak - t1/2)

are in good agreement for R = 0.5. The calculated values of Emax are

larger than the experimental values for R in the expected range 0.5

to 0.6. At low energy density, the calculated and experimental values

of are in satisfactory agreement, but as the energy density increases,

n
max

the calculated value becomes approximately an order of magnitude larger

than the measured value.
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There is also a discrepancy between the calculated and measured
values of (tl/2 ’t ak)‘ At low energy dens1ty, the agreement is

good, but at higher energy density the calculated value of (tl/2 -)

is approx1matelyrl.8 times the measured valuef
The discrepancies between the calculated and measured'Values of

ﬁmax and (t ') can be attributed to the flow of liquld iron.

1/2 '. peak
The calculations were made assuming that the iron'maintained a fixed
structure. HoweVer; when the surface temperature is large and there is
a considerable amount of molten iron beneath the surface,,the pressure
exerted by the yapbrizing atoms causes some of the'liquld'iron to flow
tovthe sides of . the interactlon area to form a crater as shown in

Fig. 25. When the liquid iron flows outward, the iron'beneath the
surface at -the center of the crater‘is cooler than calculated, so the
surface is cooled by conduction more quickly than it would if the iromn
: structure were fixed. This effect would cause the actual maximUm
surface temperature'to be less than that calculated, so. the actual

| Smax would be less than that calculated. This effect would also cause
the surface temperature to decrease at a faster rate than calculated.

. » . .
Since (t - t ) is largely a measure of the rate at which the

1/2

surface flux decreases, the measured value would therefore be less than

the calculated value. The value of (t ) is determlned both

1/2 = peak
by the.duration over which iron atoms are emitted and»byvthe spread in
velocities of the emitted atoms. If the flux of iron atoms at ‘the’
surface (fig 20) decreases much faster than calculated, the-value of
(tl/2 - pe ) will be due solely to the spread of veloc1t1es of the

emitted atoms. The observed value of (t1/2 -t ) of approximately

peak

peak .



0.2 msec iS'apprpxiﬁateiy the half widtﬁ‘dﬁg'tbffpégspfééd of Veidéities
- from an effusive Maxwellian source, which iﬁdicétes'th?t thevsurfacé‘
cools much more rapidly than calculated. Vprévér, the ﬁeasufed and
calculatgd values of (tpeak - t1/2) are in-agreemept, w@;éh ;ndlcates |
that the rate of increase of the surface temperature (aﬁd:tberéfore flux
of iron'atoms);is ca1cu1ated correctly.

Because of the flow of liquid iron, theJCOmparisdﬁ_between theory
and experiment must be partly qualitative. Since the calculated and
experlmenFal values of tpeak and (tpeak - t1/2) are in agregment, and
since the discrepancy between the calculated and experimental values

- + ‘
of noax and (tl/2 - tpea

model for the process appears to be valid. The results obtained are

) can be qualitatively explained, the equilibrium
k . , ‘ _

consistent witﬁ the following equilibrium assuptions: (a) the vaporized
atoms have thé velocity distribution of an effusive Maxwellian source,

(b) the atoms afe vaporized at a rate given by the Langmﬁir equation
with’cohdensétionvéoefficient of unity and (c) the tempgrgfure transient
is governed By.ﬁhe conduction equation with the appropfiate boundary

conditions.

B. Zirconium Hydride Results

1. Numerical Reéults

In the numerical calculation of the behavior of zir;onium hydride
heated by an—switgh laser, it is assumed that the 1gsér’is absorbed
at the surface and that the absqrbéd pOﬁer density has a triangular
shape in fime-with the peak at 40 nanoseconds and the enawqf'the pulse
at 80 nanosecbhds. The energy density is assumed to have the constant

value EabS(O) over the interaction area. This is valid because the
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energy density at thg edge.of the rﬁd,is approximately;SOZ of that. at

the center.and.béqause.most of the emitted hydrogen coﬁes.froﬁ the afea
with the highest;absorbed enefgybdenSify, 'The calculations are made

with the assumption that the .condensation éoefficient_afis equa1-to unity. -

Results of the numerical calculations are shown in;Figs.'29-33>

2

for the equilibrigm model (that~is,:f6f>ﬁ vapqr_préssﬁtevgiVenfaccofding
to Fig. 16). Th¢ épacing between surface témperature pysfiies in
Fig. 29 does ndt.décrease'with increasing.energy density as it did in
vthe iron calculations (see Fig. 1§). This is because the power loss
by vaporizatidn from the zirconium hydride surface is muchiless than
the absorbed power. |

The H/Zr atqm ratio at the surface as a function ofvtime is shown
in Fig. 30 for various absorbed energy densities. For thée energy
d;nsities consideréd, substantial depletion of hydrogeﬁ oc¢ufs at the
surface. Thé'surface3H/Zr ratio profiles pass through a minimum at
approximately the same time as the maximum surface tempeféture.' After
 £he surface H/Zf:fatio reaches a minimum, it increasés BécaUse hydrogen
diffuses from the bulk to. the surface faster than it is iost by
vaporization. The final H/Zr ratio is "frozen in"\at a value less
than the initial value Becéuse vaporization.and diffusioﬁ of hydrogen
become negligible as the temperature returns to amBienpf_.

.Thé m?ximum H2 flux occurs when the equilibriuﬁ H2 pfessufe at
the surface is é»maximum. This occurs before the maximﬁm temperature
is reached beéause the H2 vapor pressure is a function of both temperature-

and H/Zr atom ratio.  As shown in Fig. 31, the H, flux is a very sharp

2

function of time, indicating that the emission occurs over -a relatively
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narrow temperature range (on the order»oflseveral hundred °C).
Typical calculated mass spectrometer H2 signals are shown in
.Fig 32. The H2 molecules are emitted‘over a time duration of less
than 0.1 pusec whereads the time of flight of the H2 molecules from the
zirconium hydride sample to the mass spectrometer ionizer: is approxi-

2

as an instantaneous source at zero time. The width of the calculated

mately 100 usec. Therefore the H molecules are emitted effectively

signal is then due entirely to the spread of velocities of the emitted
H2 molecules. 'As‘energy-densitf increases, the calculated signal shifts
toward the origin because of the increase in the velocity of the emitted
molecules due to the higher surface temperature. There is a time delay
of approx1mately 30 usec between the time the molecules are emitted
and the beginning of the calculated signal because of the time requlred
for the molecules in the high speed tail of the Maxwell—Boltzmann
distribution to reach the ionizer. |
As shown in Fig. 33, the hydrogen concentration is;partially
depleted up to a depth of approximately 10-5 cm from the surface. The
tempereture transient penetrates to a depth of approiimetely 10—4 cm.
Temperature gradients at the surface reach values greater than 107 °C/cm.
' The Soret effect and the effect of the enthalpy trensported by
the diffusing'hydrogen atoms are both negligible. The-numericalv
solution of the solid energy equation and hydrogen diffusion equation
(Eqs. (4. 31)) were made with the heat of transport (Q*) andvthe gradient
of the partial.molar enthalpy of hydrogen (3;%) set to'zero; Each

effect made a less than 10% difference on the magnitude of the predicted

signal (nmax)'and a negligible effect on'tpeak and FWHM.
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To compute the average density n(t) of molecules at the ionizer

v according to Eq (3 9), the follow1ng numerlcal constants are used:

X = 0.44, d.='l,_$1? 40 cm and AS = 0.079 cm (this is’ the area of the
end.of rhe'rircomium hydride rod). The results’of the'caiculations
.that are usefulzin comparing the calculated signal with the measured
'_signal‘are:

T

= meximum surface temperature

max - ~ .

Ypin = minimum H/Zr atom ratio at the surface
yield = f ¢(t) dt = total amount of H vaporized per cm2
n = maximum value of n(t)

max
tpeak = tlme.corresponding to nmax

FWHM = full width of n(t) at half maximum

These results‘for H2 are given in Table 3‘for theteuuilibrium and
quasi—equiiibrium modele.

If the heating and vauorization processes are described by
equilibrium thermodyuamics, a smail amount of atomic hydrogen should
also be emittedffrOm the surface. There is a tﬂree—way equilibrium
between atomic hydrogen, molecular hydrogen and hydrogen“in the
zirconium hydride. Consider the equilibrium between aromic and
molecular hydrogen:

H(g) N~ Hz(g)

The equilibrium constant of this reaction is related to the partial

pressures of H aud H2 by the thermodynamic relation:

P, . AG ) - |
;17§‘= exp <~ RT _ (6.1)
H

2
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;0 . R “, . : . . .
- where AGf is the standard Gibbs free energy of formation of atomic hydrogen

from molecular hydrogen, which was fit from the JANAFitables data as: -

. . - B . 2 | . )
° T\ _ T kcal
86, = 52.387 - 12.274 <16§> - 0.575 (——3) xeat. (6.2)

10
The results Qf'the calculatioﬁs of predicted atomic hydrbgeg signalsv
for the equilibrium model are given in Table 4; For a,ﬁérticular
surfaée'tempefature, the avefage velocity of emitted H-atéms is V2 times

thgt of H2

H H 2 ) )
mo}ecules, so tpeak/tpeak should be approxima?ely equal to 0.7.
The ratio of the calculated peak amplitudes of the H’a_nd.H2 signals

(i.e., (EmaX)H

range 0.04 to 0.10 cal/cmz.

/(amax)Hz) varies from 107/ to 10> over the energy denmsity

2. Experimental Results for Low Energy Densities

A typical measured H, signal is shown in Fig. 34, The trace is

2
triggered at the beginning of the giant pulse, sovthe,origin represents
true zero time. To calculate the corrected signal froﬁ ﬁhe measured
signal using-Eq.f(3.24), it is necessar& to &ifferentiafe the measuréd
signal. This is done as‘follows: (a) values of the measured signal
are read f;om ﬁhe oécilloscopé_txace, (b) these data points are fit to
a curve_thafjis madé of several piecewise cubic functions which have
slope and value matched at the end points and which giveran overall
least squares fit to the data, and (c) this analyticai fit of the data
is then differéntiated. The time constant correction of tﬁe measured'
signals is éignificant because it is of the same order of mégnitude

as the signal width. A typical measured HZ signal and the signal

obtained after the time constant correction are shown in Fig. 35a.
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XBB 7210-5370

Fig. 34 Typical measured H, signal. Horizontal scale is 20 usec/div.

2
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Typical me!a__sur'ed'H2 signals (corrected) are shown in Fig. 35b for
three different incident energy densities. The pulse shépes agree closely
with the caléulated pulse shapes shown in Fig. 32. Figure 36 shows a

typical measured H-atom signal before and after the time constant correction.

3. Comparison Between Calculated and Experimental Results (Low
Energy Density) : :

Thé ékpériméntal and thepretical results may be best compared by
utilizing several aspects of the waveformé such as those shown in
'Figs. 32 (prediéted HZ)’ 35b (measured HZ) and 36 (measured H). As
in tﬁe case of iron, these quantities are: the maximum density of
molecules in-ﬁhé.masé spectrometer ionizer (ﬁmax); the time at which
this peak density occurs (tpeak); and the full width at half maximum
(FWHM) of‘thé_waveform.‘ Predicted values of these three:quantities
can be obtained dirgctly from the results summarized in Tables 3 and 4.
The méaSured‘Vglues of tpeak and FWHM are easily detgtmined from the
measured waveforms such as in Figs. 35b and 36. The determination
of the absolutg magnitude of thg peak of a measured signal, however,
requires thétlfhe sensitivity of the mass spectrometer'bé estimated.
This 1is accompiished as follows.

The measured output signal current (corrected for.time constant
by Eq. (3.24)) 1is related to the density of neutral~mble§u1es in the
- ionizer by: |
| I = Kn . (6.3)

where K is the’ collection of constants given by Eq. (3;23b).
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The valué éf K for H2.can be detepmined.frdﬁ thejéaiibration
described in Section II-E-2, in which the signal current is measuréd
for a known hydrogen pressure in the mass spéétrometer ¢hamber; This
calibration gavé:a sensitivity of 48 amps/torr for ro&m.temperature-
hydrqgen gas. Using the ideal gas law to convert presSUre to number

5

density (n = P/kT), the constant K for H, is found to be 1.5 X 10-l

2
amps cm3/molgcu1eﬁ This value may be used if it is.éssdmed that the
mass spectrqmetér ionizer respondsvin the same way to a fandom background
gas as it does to a directed molecular beam of the same particle densify{
This assumption is discussed in greater detail in Ref. 62 .

The constant K for atomic hydrogen is obtained frbh the above

value for H, by correcting for species dependent factors in Eq. (3.23b).

2
The two quanti;ies_which are different for H2 and H afe‘tbe ionization
cross section (0)‘and the secondary electron coefficiént qf the electron
multiplier (B). The K-value for H is obtained from:

o B : B |
Based on the electron impact ionization cross-section data-given.in.
Ref. 63, thé value of (OH/GHz) ~ 0.68 for 90 eV electréns. A rough

estimate of (BH/B ) can be made by assuming that the numbér of secondary

Hy
electrons produced at the first dynode of the electron multiplier is
proportional to the inverse square root of the mass of the detected ion

(BH/BHZ = 1.4), although such a correction is not well verified and is

therefore subject to some doubt. 64 With these approximations, KH & K.H
. : o 2
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(within a po$$i§1é ﬁnpeftéinty of a fagtqr of 2). Agjhg#tiqned~in'thg
discussion ofwfﬁé iron'resu1ts,v esfimatesvof absolﬁ;efﬁasé specﬁrdﬁéfer.
sensitiﬁitiesﬂafe.generally no better than a factor of12 or 3.

Utilizing thé iﬁstruﬁental constant K_determinedAas déécribed aboVe;‘
the peak ampiitudes of the measufed siénals (after timéhcqﬁstant correcfions)

can be converted to measured values of Emax for H and_Hz.- The three

quantities‘chéracteristic of the measured waveform (t - , FWHM, and n )
peak’ max

are tabulated,ip Table 5 for two series of experiments in:which the H2
signal was méasuréd and another series of laser’shoté iﬂ thch the mass
spectromefef Waé tuned.to H (mass 1).

To comple;é the comparison between theory and expefiment, the
surface reflectiyity must be known to relate incidenﬁ‘energy density
(Eiﬁc) to absqfﬁed energy density'(Eabs). To elimiﬁatéxihis additional

uncertainty (and that of the magnitude of E as well), we first compare

inc

plots of tp '.vs FWHM, which is independent of surface reflectivity.

eak

Since the molécules are emitted over a time much less than tpeak’ the
ratio tpeak/FWHM'iS characteristic only of the velocity distribution
of the-emitted molecules. The calculated and experimental values of

t vs FWHM are plotted in Fig. 37. Although the data are scattered,

peak

they do clustér about the straight line representingjthe calculated

variation of tpeak vs FWHM for a Maxwellian beam. This indicates that

the H2 molecules: and H atoms are emitted with the velocity distribution

of an effusive Maxwellian source.
The calculated and experimental values of tpeak vs incident energy

density E are plotted'in Fig. 38. The H, data points c1uster about

2 A
the theoreticalvcurve for surface reflectivity R = O, althdugh the

inc
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Table 5. Results of Zr-H measqremenﬁs fdr low
incident energy densities.

Shot Number Einc tpeak FWHM ﬁméx
(cal/cm?) (usec) (usec)’ '(molecules/¢m3)
H2 Results ' '

1 0.0278 102.0 83.9 . 6.0 E+8

3 0.0377° 94.0 81.7 1.2 E+9

4 0.0567 82.0_ 47.8 1.2 B+9

Series 6 0.0230 105.0 75.3 3.3 E+8
A -7 0.0234 102.5 83.2 4.1 E+8

9 0.0866  75.5 65.3 1.3 E+9

10 0.125 55.2 65.2° 1.1 E+9

12 0.100 62.0  80.4 7.4 E+8

13 0.111 78.4  117.0 8.1 E+8

14 0.156. 90.0 101.0 1.4 E+9

22 0.0372  100.0  90.0 1.1 E+8

Serieg 23 0.0599 76.0  69.8 2.1 E+8
s 2 0.0567 84.0 92.4 1.2 E+8
25  0.0882 86.0 82.0 3.0 E+8

26 0.0784 84.0 63.8 9.7 E+8

27 0.0586 104.0 67.5 7.2 E+8

28 . 0.127  84.0  78.8 2.0 E+9

H~Atom Results _
, . 0.0496 59.0 47.4 2.6 E+8
0.0847 67.0 50.0 2.6 E+8

8 0.103 57.0 48.2 3.0 E+8,

11 0.109 52.0 57.7 ' 1.6 E+8
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scatter is too.great t§ deterﬁiné whetﬁgr_the'equiiiﬁriumvmodeIVOr the
quasi-~equilibrium model is morelapprOpriaté.',Thé théérétical H2 curve

for R = 0.45 is ciearly out of thé:rangeiofvthe‘data pbints. The apparent
surface reflectivity is.therefofe approximately équalfto zero, ragher

than 0.45 as:ﬁéasured with tﬁe ﬁe—Ne laser'pn rboﬁ témpefature'ZrHl;63
(see Section 1I-D-2). The reflectivity during a Q-switch'pulse may be
much less than ﬁﬁe measured reflectivity because (a) the zirconium
hydride reflectivity may be very small ét high temperatures, or (b)vthé
change in sufface condition during the vaporization'proéess may cause

the reflectivity to be very small. Several expériments on metals using

65,66 and Q-switch pulses67 have shown that the

con&entional mode pulses
surface reflectivity during a laser pulse can bg much less than the
initial reflectivity. The agreement betwéentthe measuféd‘and calculafed"
values of tpéék'vs Ein ipaicates that the emitted Hz‘moleculés are iq
thermal equilibrium with the surface. The surface temperature is
appérently calculated correctly from the simultaneous solution of the
energy and mass transport equations in the binary solid.

The values:of tpeak for the H-atom data points are substantially

~for the H, data points at the ‘same incident energy

eak 2
density. This indicates that the H-atom is due to H-atoms emitted from

smaller than tp

the surface réther than from cracking or double ionizatibn of H2
'molecqleé.' The H-atom data fall betwegﬁ the calculated H{afom curves
fbrlR = O,and>R = 0.45,‘which suggests that the H‘atdﬁs are apparently
emitted gt.a lower tempenature than the Hé moleculeS‘(Because the

tpeak values are larger than predicted by theory for R = 0).
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The calculated and measured valves of (n ax)H2 e Elnc are plotted
in Fig. 39. The series A and B points were taken about a month apart
under slightly different conditiomns. _The series A and B points were
taken with a 0.3 M and 0.1 M resistor respectively in parallel with the
osc1lloscope, and the two series of points were made with different
flashlamps and different laeer alignment. The H2 data p01nts exhibit a
large amount of scatter. The three H2 data points_wrth nmaX much less
than the band drawn through the other H2 points are attrihuted to mis-

‘ alighment of the laser onvthe surface so that the actdal'incident energy
density was smaller than measured. The band through:the H2 date agrees
fairly well wlth the calculeted curve for R =0 for'Eiﬁc less than

0.04 cal/cmz.' However, for Einc greater than 0.04 cél/cmz, the measdred

values of (ﬁm flatten‘off at 109 molecules/cvawhile the calculated

aX)HZ 10 3
values increase to greater than 10 molecules/cm . Therefore, for
1 greater than 0.04 cal/cm , the H2 data do not fit: either the
equilibrium or quasi-equilibrium models. The slope of the calculated
curve is steep at low energy density because the vapor pressure in this
region is primarily a function of temperature. As the energy density -

increases, the slope decreases because hydrogen is depleted from the

surface. The theoretical (H ) v
_ max’ Hy

s E, curve therefore levels off
inc , .
because the flux from the surface is limited by the rate at which
hydrogen can diffuse to the surface.
From the calculated H2 and H-atom results in Tables 3 and 4, it is

found that nmax is proportional to the yield:

) ] T ; o
nox 1.04 x 107" X (yleld) (6.5)
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The‘yield for (Hmax) = 109 molecules/cm3 is therefore equal to

H
2
10._8 moles Hz/cmz. To see the significance of the diffusion process in
obtaining this yield, we calculate the number of mondlayers of hydrogen

to which this Yield corresponds. The number of moles of hYdrbgen

atoms per moﬁolayer per cm2 of ZrHy is:

' ON 2/3 _ o
# moles H _y A C
= —_— . (6.6)
2°N \M
monolayer cm A I
~where y = 1.63
NA = Avogadro's number
o= ZrHy mass density = 5.7 gm/cm3
M =

ZrHy gm molecular weight = 93 AMU

9

which gives (# moles H/monoléyer cm2) =3 x10 °. Therefore the measured

), of lO9 molecules/cm3 for E
ax HZ : in

corresponds to a yield of (2 X 10—8/3 x 10—9) = 7 monholayers. Assuming

value of (Em c greater than 0.04 cal/cm2
that the initial surface coverage of hydrogen is‘approximately.l monolayer
(i.e., approximétely 1.63 surface H atoms per surfacé‘Zr,atom), most of
the emitted hydrogen must have reached the surface by diffusing from
the bulk. Tﬁé diffusion process is apparently not as effective as
assumed in the calculations, however, since the measuféd=(ﬁmax)H2 is
an order of magﬁiﬁude smaller than the calculated valu'es‘»f.orrEinc
greater than»Q.Oé cal/cmz.

There are several possible effects that could éause a restriction
of the bulk diffusion process: (a) there could be a diffusion barrier such

as an oxide coating at the surface, (b) after some of the hydrogen is

emitted, restructuring of the surface layers may present an interface
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which could act as a dlffusion barrier, or (c) there maf be.a kinetic
barrier at the surface if the time for an H atom in the lattice to hop
from just beneath the surface to a surface ‘gite is comparable to or
greater than the time for an H atom to diffuse from one 1att1ce site to
another:. 1In each case, the diffusion coefficient at:thecsurface would

be smaller than the bulk diffusion coefficient

Another poss1ble explanation for the measured values of (n ax)H2
being smaller than the calculated values is that the condensation

coefficient a could be less than unity. This would imhly that the -

rate at which surface H atoms can combine to form Hz'molecules is less

. than the maximum rate given by the Langmuir equation.'.This is not

considered as a plausible explanation because:_ (a) the relatively good

agreement between measured and calculated values of (nmax)H for
2

EinC < 0.04 cal/_cm2 indicates that o = 1 in this range, (b) the

approximately constant measured value of (n__ ) for E, > 0.04 cal/cm2
: ' max- Hy inc

suggests that”the amount of hydrogen that is emitted is limited by the

amount that can diffuse to the surface, and (c) if the constant value

of (H

. 9 ‘ ,
>
max)Hz f_or.‘Einc 0.04 cal/cm” were due to a temperature dependent

condensation coefficient, the rapid increase in hydrogen vapor pressure
with temperature would have to be just balanced by a decrease in a,
which is unlikely.

" The measured values of the maximum H-atom density are also shown

_in Fig. 39. These data were obtained in the same set of experiments

as the series A'points_for H In the plateau region of E

2° inc

the data.shom'that

> 0.04 cal/cm?,
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max

(n__)

max” Hp

CYD

exp

This ratio is much larger than the value of 0.03 whiéh represents
the fraction of H* due to electron impact on Hé in theimass spectrometer
ionizer. Therefore, the large H/H2 ratio is truly the result of a
surface process.

The value of the H/H2 ratio expected from the equilibrium model is
calculated for;E.' = E = 0.10 cal/cm2 as follows:’ Ektrapolating

inc abs ‘ o
the results shown in Table 4 show that (Emax)Hfshould'beIQZ.S X 107
atbms/ém3 at this laser pulse energy. Similarly, the ordinate of the
equilibrium model curve for H2 on Fig. 39 for R = 0 predicts
(n JH, = 2 X 1010 molecules/cm3 at E, = 0.10 cal/cmz. Therefore,
max’ 2 . _ inc : -

the H/H2 ratio predicted by equilibrium considerations is:-

CD _
—mE = =107
(n )H

max” 2 equilibrium
model

which is indeed far below the experimental value of 0.2. >Such a
discrepancy could arise-if the H-atoﬁs were emitted at a much higher
"temperature" (éﬁd hence'higher vapor pressure) than the temperature

at which H2 emission occurred. This is abparently nbt'fhe case, however, -
since the:measqred time of flight cbrrespoﬁding to tbe'peak_H atom

density in the ionizer (Fig. 38) is approximately thatfexpected for
emission at the'éalculated-surfacebtemperature, and fhe measured values

of /FWHM are consistent with a Maxwellian gas at the same temperature-

tpeak

as the H, emission (Fig. 37).
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The large H§at§m.signals»thereforefﬁuSt bé.due €0's6mg non-—
equilibrium'chemiéai procésé on the suffgce; Appargnﬁi&lfhe H.étoms
are emitted atfﬁﬁermal equilibrium bécause‘theirxvelocity'distribution
is consistent”with.the calculatéd surface temperatufe.v;ﬁpwever,_the :
existence of fﬁéfmal equilibrium doés not imply that fﬁéﬁéurface is at:"
chemical equilibrium. One possibleveXpianation forvthevlafge H-atom
signals can be inferred by calculatiﬁg the number of ﬁonoiayers';o which
the'measured'H—atém sigﬁals'correspond. Ffom Eq. (6.5)vthe measured
? moles H/cmz,'whiCH corresponds
to 0.8 monblayersvof hydrogen. Since this is less théﬂ 1 monolayer,
the H signal could be due to the vaporization of an adébrbéd layer of
H initially énvthe surface. This possibility‘can be expiéined as follows:

At completé-gquilibrium, the desorption bf surfacéyhydrogen proceeds
according. to the two processes: o

2 H(ads) > Hé(g)
"H(ads) ~+ H(g)

According.to.théIprincipal of deﬁailed balance, the H(g)/Hz(g)rratio
produced by thé above process under conditions of.completé equilibrium
shoﬁld be just equai to the PH/PH2 ratio of the equilibrium gas above
the surfage (ignbring small differencgs due to the maéses of the two.
sgeciés and aséqming unit condensation coefficients).v If the flash
desorption of the surface population.caused by the laéef.bulsé passed
throughva series-of equilibfium-thermédyhémic"stages;-thén thg maximuﬁ
H/H2 signél ratio arising from surface desorption sﬁould be equal to

that predictgd by the equilibrium modei, namely ~10-3. However, the
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"flash" 1n1t1ated by the laser pulse (~1 —8 sec) ia.ueryuﬁuCh more

rapid than that attainable by conventional flash,filament techniques

If the surface recomblnatlon of H(ads) to H (ads) (followed by instantaneous

desorption) requires surface migration and cpllisions of H(ads), the

rapidity of the temperature increase mayvmean that it is more likely

than H(ads) simply desorbs to give H(g) rather than-recoubine to produce

Hz(g) as it WOuid do in a slow transient. By this model, the desorbed

H could be in thefmal equilibrium with the surface, but not in chemical.

equilibrium with respect to H2 emission for the existiﬁg.surface population.
'According to this model, the observed H signal ie'due entirely to

atomic hydrogen desorbeu from the surface, while the‘hfdrogen emanating

from the bulk of the ZrH is released to the gas phase‘as H2 molecules.

1.63
4, Experimental Results for High Energy Densities

When the incident energy density is greater than about 0.25 cal/cmz,
the mass spectrometer signals no longer show a pulse.shape characteristic
of thermal behavibr’of the zirconium hydride. Visible'uamage to the
‘surfaee oceurév(Fig.'7), which indicates ‘that the surtaee temperature
is sufficient.fpr vaporization of the zirconium lattiee{ As shown in
Fig. 40, in thie high energy range, the H2 signal consists‘of a high energy

peak with tp =~ 18 usec and a thermal peak with tpeak ~ 60 usec. The .

eak
high energy peakvcorrespends.to an energy of approximately 5 eV, while the
thermal peak corresponds to a temperature of approximately 3000°K,.whicht
is higher than temperatures calculated at lower energy‘dehsities. Roughly
20 to 307 of the total H2 emission is in the high energy peak. |

For EinC'> 0.25 cal/cm?; the H and Zr signals are very large and

occur at very short times, as shown inFigs. 41 and 42. These are
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attributed to'Hiiand_Zr+zheCause they are'détedﬁéd-évegiﬁﬁén'Ehéfe is
zero electron‘current'iﬁ'thé ionizer. The small peak-iﬁi?ig. 41 wi;h
tpeak > 35 usec~i§ AUe toAatOmic hydrogen emitted at appgoximatel§ |
MDOAK,rather than H+ because the peak.does not éppea: when thé'ionizer :
electron current is off. It is difficult to estimaté Qhat fraction
of the atomic hydfogen is emitted as ions since the maés ééectfométér
sensitivity to ions is not known. No H; ions weré detéétéd.

The mass spectrometer can only detect ioms with enérgy greater
thén 15 eV because the jonizer is at a potentiél of lSjvolts rélative
to the target and:ground. Less energeticvions are deflecfed from the:
ionizer region as they approach it. An éppfoximate analysis of the
electric field around the ionizer showed that the.eleépfié field
increases the tiﬁe of flight by 1ess'than 5% fpr ions.with energy
greater than 15-eV. Since ions are detected much morgiéfficiently-
than neutrals,_tﬁe ion pulses mask the signai on neutral molecules.

The energy of'the particles in eV can be determiﬁed from thé

measured time of flight t by using Eq. (3.16):

peak

860 M(AMU) 6.7)

E(ey) = 2
Itpeak(useC)]

The results of the high énergy density measurements:are‘given iﬁ Table 6
as avfuncﬁion of Einc and peak incident power density'in (watts/cm2),
.&hich is the pbwer density at t = 40 nsec corresponding té the peak of
the laSer pulse.

The H+ ions are émitted with a lower energy than the Zr+ ions. The
range of ion enérgies (15-30 eV for H+, 60-75 eV for Zr+).for laser

power densities of 3-5 X 107 watts/cm2 is consistent with the ion

.
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energies measufed by other investigators on metals and other solids
at comparahle power denéifies. For example, measuremehts of the ions.
emitted from a Ti—D target indicate an ion energy of 7.5.eV for power
density of 108 wé;ts/cmz.8 Measurementé on W surfaces heatéd with laser
power densityvof‘approximately 5 X iO7 wat:ts/cm2 show'thét'the emitted
ions have energies dp to 180 eV%7 As discussed in Sectibn.I—C; the
probable mechanisms for the production of these high energy ions are the
formation of a parfially ionized plasma in fronf of thé surface, sub-
sequent heating ofvthe plasma by photons by the inverse:Bremsstrahlung
process, and a rapid directed expansion of the plasma awaybfrom the
surface. .The relétively high energy HZ ﬁolecules are prbbably accelerated
by collisions ﬁith the energetic H+ and Zr+ ioné.
C. Conclusions

Many«aspecté.of the transient behavior of zirconidm‘hydride heated
by a Q-switch laser are properly predicted by the equilibrium model.
Sin;e the meaSured'time of flight of the H-atoms and H2 molecules are in
agreement with calculations, it caﬁ be concluded that the molecules are
emitted atvthermél equilibrium. The “temperature transient at the
surface is pfoperly calculated by the simultaneous soiufion of the heét
conduction_and hydrogen diffusion eqﬁations with the heéf source at the
surface equal te the absorbed laser:power density. Siﬁée‘the calculated
and measured ratio of signal width to the time of flight for the H and
H2 signals are‘in agreement, the molecules are apparently emitted with
the velocity distribution of an effusive Maxwellian sou;ce, as expected

for an equilibrium process. The magnitudes of the H2 sighals for. incident

energy density less than 0.04 cal/cm2 are in agreement'with the values
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 determined from the solution of the conduction and'diffuéioﬁ equations

with unit cohdensation_coefficient.
Two aspects of the zirconium hydride behavior are not well predicted
by the equilibfiﬂm‘model. Although hydrbgen is emittéd_primarily'as

Hzlrather‘than'H,‘the measurede/HZIratios.are much largef than expeCCedﬂ
froﬁ the equiliﬁfium model, and FhevHZ_Signalsbfor indi&ght‘energy
density greater than 0.04 cal/cm2 are smaller than expeCtéd from thé

same model. Thé'lérge H/Hé ratios are attributed to the désbrption of a
layer of chemisorbed hydrogen that is not vaporized in‘the‘H/Hz'ratios
predicted froﬁ chemical equilibrium when the surface fémpérature is
rapidly increased. In this aspect, the laSer.pulse difféfs from
conventional flash filament experiments, such as descfibgd ih.Refs. 68

and 69. The small H, signals are attributed to the existence of a

2
diffusion barrier at the surface. However, significant_difoSion of
hydrogen must qééur to account for the measured H2 siénal amplitudes.
The conciusions that can be dréwn from the iron expérimenfs are
léss definitive than those that can be made from the zirconium hydride
experiments are.less definitivé than those that can be made from the
zircoﬁium hydride»e#periments. This is because the dqrationvof the-

conventional mode laser pulse is on the same order as théjtime of

flight of the iron atoms from the target to the mass spectrometer,

* which means that the waveforms do not represent sblely<épreading due to

the velocity distribution of the emitted atoms. In addition, the iron
results are complicated by the unpredictable surface temperature that

results when the molten iron flows. Allowing for these uncertainties,
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the results are consistent with an equilibrium model in which the iron
atoms are emitted at thermal equilibrium with the velocity:distribution

of an effusive Maxwellian source.
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APPENDIX A: AVERAGE PEAKING FACTOR IN THE IONIZER

The vapor‘density aﬁ the méss spectrometefvion{zer varies with
position in the ionizer because of the preéence'of.the collimating . -
aperture .betwéen the target and mass spectrometgr éﬁambers. The
collimating aperture éaﬁses the formation of a penﬁﬁbra at the.ionizef | ' e
suchvthat only part of the target is viewed."Thistécrgase in intensify“
(and thérefore density) can be accounted for by a'peaking faétor, whiéh
is therratio of true intensity to the centerline inténsity_for a cosine
point source. ﬁefining the préblem in the same manner as an analysis

by Olander7q on molecular beam geometry, let

o}
]

radius of the source
r, = radius of the collimating aperture

d, = source to collimator distance

d = source to mass épectrometer'distanée

p = variable radius at the maés spectrome#er

Q= ré/rC = dimensionless éource'radius-_

T = dc/dl=?dimenéionless source to colliﬁator distance

V= D/rc = dimensionless radius 5t the mass spectrometer

For the case of a cosine source withvsource to collimator

distance much-larger than the sourge‘or collimator dimensions,.the' ' o a
peaking factor at position p is simply the ratio of unobstructed source
area to the tofal source area. The area of the source;fhat contributes . .«
to the intensity at a particular p is the overlapping area of the
source disk aﬁd the projection from p of the collimating aper ture
the source plane. This projection is_also a circle and has radiﬁs

rcd/(d - dc)' In dimensionless terms relatiye to L
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Wi'% 1/ - T) 'dimeqsionless radius of the projection of the

collimator on the source plane.

W.=TV/(lL - T) = dimensionless distance of thé.center of the
~ projection to the center of the source disk.

The geometry of the problem is shown in Fig. Al and A2. The

easiest method”to determine the overlapping area is to‘éalculate the

v

area of segments of the source and collimator image circles. There

are

(1)

(2)

3

"Let

three ranges of W to consider:

0<w<W, - Q:.

i

The fotal'sdurce disk is. within the collimatorvprojection.so

the effeétive area is Al = WQZ. |

wi - Q<W< (Wz' - Q2 1/2:

The effgctive area is less than A1 and is equal to Ai.minus the
‘area_bf.Ségment of the source disk plus the area’ofiéegment of the
cbllimato:vimage. |
mi-qg?@<w<wi+Q:

The effeétive area is the area of the segment of the source disk
plus the ;rea of ségménp of the collimator image.
o = half angle subtended by thevintersecfibn of the éircles at theA

center of the collimator image

¢ = half angle subtended by the intersection of th;}circles at

the center of the source disk

It can be shown that o and ¢ can be expressed in terms of W by:.

_ 1 2 _ 2, .2 , .
cos O = wai [Wi Q° + W ] . (A.la)

| 1 [2_ 2 .2 o ‘
“cos ¢ = 2QW [Wi Q W ] - (A.1b)
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Fig. A2 Geometry for calculation of the peaking factor. The shaded
area represents that area of the source disk that con-

tributes to the signal at the

particular value of W.
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The area of a segment of circle of radius r with half ahgie-e is

A= r2[6 - sinb cos6]

Using this equation for regions 2 and 3 gives:

A, = '"Q? + wf[a - sina cosa] - Q2[¢ - sind cosd)]
A3 = Wi[d'— sinod cosG] + QZI(W - ¢) - sin(m -'¢) cos(ﬂ -9)] (A.2)

ﬂQ + W [a - sino cosa] - Q [¢ - sind cos¢]

Therefore A3 is the same function as A2

being that ¢ > ﬂ/2 in region 3.

, the only difference

Dividing the effective areas by the source area and putting limits

in terms of V rather than W gives for the peaking factor:

[l

xI(V) 1 for O0< V“<_ 1-q@ - T)J/j:

W

‘X(V) 1+ —3§-Id - sino cosa] —'l-[¢ —bein¢'c03¢]
mQ w

1
for T _Il - Q1 - T)]<KVL vmax

(4.3)

x(V) =0 for V>Vmax
where

v
- max

LTI+ -m]

and ¢ and a afe found from Egqs. (A.l)
Figure A3 shows x(V) plotted for the ease Qv= 1, T = 0.5 and for
Q=1.5, T=0.5. It is evident that a good approxiﬁa;ion to. (V) would

be a linear approximation in the'penumbra region:
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-Fig. A3 Peaking factor as a function of'dimensionless radius V.



-162-

X(V) =1 for 0<V<[1-QQ1 -T)/T

[L+Q@1 -T) -]

XO) = STy or [1-QQ -‘f)]/rf:v<:vmax (a.4)

X V) 0 for V>Vm'

ax

The quantitybof real interest is the average‘peakiﬂg factor erf
the length of the electron sheet.' Assuﬁing that”the eléétfon»sheet
stays relatiﬁely flat over the length of the ionizer, thevaverage-
peaking factor isr L

X = E;E- T Xy Lo (A.5)
o ' :
where L = 1ength of the ionizer.
Using thevapproximéte relation for x(V) from Eq;‘(A.ﬁ) and assuming

that V is less than L/2r gives:
max c

' . 2r . S - o
X = —T% which 1s independent of Q@ (A.6)

For r_ = 1/16 inch, L = 9/16 inch and T = 1/2; the above equation

gives X = 0.44.;
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APPENDIX B. NUMERICAL SOLUTION TO THE
* CONDUCTION AND DIFFUSION EQUATIONS

A. Description of the Crank-Nicolson Methiod

" The conduction‘equaﬁion fof iron (Eq. (4.3)) aﬁd’thé conduction
and diffusiqn equations.for ZrH& (Eqs. (4.31)) ére solvedvnumerically
by a Crank-Nicolson finite difference method;7l This method is second

'order correct'in both the time and space increment At and Ax, and the
finite difference solution converges'to the true solqtioﬁ for all |
values of At/(Ax)z. Rather than use a constant Ax as i$ usua11y the -
case, Ax increases geometricaliy into thevmatefial aqéoféing to.the
relation; |

Axi = eAxi~1 =€ AXi (B.1)

where € = a constant greater than 1, taken to be 1.035 ff

Ax,
i

space increment following grid plane i’
The use of this variablé Ax is advantageous becaﬁse %E-and gg% are
largest near.ﬁhé surface and decrease into the matefiéi, vThérefore, for
a particular temperature difference between adjacent grid planes, a
closer grid spaéing is required near the surface thaﬂ in. the bulk. The
‘variable A; is.also useful because the_conductioﬁ and diffusion eqﬁationsA
can be solved on the same grid even though they haﬁe different charactefistic  "
1éngths. | | .
The conduction equation in iron can be put in the form

2 .
5°T _ 3T BT - |
x2 - ll)(x,t,T, 3%’ 3?) : (B.2)

(o34

The Crank-Nicolson finite difference approximation to this

equation is
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1,2 - I 1 N ,
7 800 a1 TV ) TV e gy 30 e YY)
| ’ ' T (B.3)
l .
2 Ax(wi,n+l + wi,n) ’ (wi,n+1 - wi,n)/At)'
where Azw. = centered second difference of w
x'i,n _ i,n
AW, _ = centered first difference of w
X i,n _ i,n .
LA finite difference solution for the temperéture_at the
3 ) . ) .
ith‘x grid plane at the nth time step
The boundary condition to Eq. (B.2) can be put in the form
3T
% = 8(T,t) |, 0
x=0 -
The finite difference approximation to this is:
! =
V1t = 801 41 Baep) (B.5)
where wi = 2“4 order correct forward first difference of vy
b - ’
For the case of Ax a constant, it can easily be shown that the
second order éorrect differences are:
Bfy = (Fyyg — £yg) /20
M35 = (f,,, - 2f, +£, /0% (B.6)
x 1 i+1 i i-1 . T ‘

£] = (<3f) + 4, - £,)/20x

S

For the case of Ax varying according to Eq. (B.1l) the second order
correct differences are considerably more complicated. By expanding
f(x) and df/dx in Taylor series about x;, it can be shown that the

second order correct differences are
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. f. R 2 <
- 1 < i+l ) . € B
Axfi = -1 [ D) + (; - l)fi —,?i—:fzj-fi_lj (B.7a)
Axle : o o ‘
Azf - 2 . "+ -1 £ - gg + 2€ - 1)f
x'1i cd-1.2 e(l + &) ~i+l 1+ €) i
@mle ) '
: o : - (B.7b)
3, oy '
£ (2 + ¢) (g - 1)
K 2 fiaa - 7. fi42
Q+e+e)A + ) e(l+e)(1+e+¢€7)
1 [+ @ + €) 1 o
17 R [ d+e 17 Lh-taro o (B.7¢)
At each new time, Egqs. (B.3) and (B.5) comprise a set of non-linear
equations that are to be solved for Vi ontl for all i. The system can
. ’

be solved by an iterative technique using Gaussian elimination to solve

the set of equations for each iteration, as suggested by Douglas.

B. Numerical Solution of the Conduction Equation in Iron

The conduction equation for iron (Eq. (4.3)) can be written:

T _, 3T _ T (?_T_) . ]
8x2 Ay ot [A2 ox + A3 9x + A4 (B.Ba)

where A1 l/K(T)

A, = v(TS)/K(T)
_ dk(T)

Ay = Tgp /R

A, = A(x,t)/k(T)

with Bqundary cphdition:

L —amn|, == [q»',(Ts)AHYapcrs) +eo(m - 1)) - As(t)]

x=0
' (B.8b)
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| (e, 22) = <[y 2o (22 4]
Let Yixat.Ts 5y 2 9x T M3\ 4
then the Crank-Nicolson Eq. (B.3) becomes

2A

Azw - ——l-w = —Azw - -4l-w
x i,n+l At "i,n+1 x i,n At "i,n (B.9a)
o 1 1 : B
+2¢1(x1’tn+1/2 s 300 1 YY) 0 IO o +:wi,n»'
for 1 = 2,M
with boundary condition at 1 = 1:
! =
W ntl = 8y 1o tn+1_) (B.9b)
and initial condition:
w, =T for all i : ’ . (B.9¢c)
i,o ‘0 : , .
For the first iteration of Egs. (B.9) let wi,n+1v1n_A1’ wl and g
: ¢ bt .
be equal to wi,n' Solve Eq. (B.9) for Wi,n+l and.usgxghls value in
L , (2) ~ _
Al’ wl and gqur_wi’n+l and calculate wi,n+l' This iteration is repeated

until successive iterations. are equal to within some arbitrary value.
The system.of equations to be solved for eaéh iteration at each
time step can be put in the matrix form:
where w is a co;umn vector-wl’n+1, w2,n+l,' . .WM’n+1, |
e is a column vector with ey = right hand sidgqu Eq. (B.9a)
an&_(339b). | |
The matrix_A is an M x M quaddiagonai matfix since all elements are
zero eicept those on the principal diagdnal, one beiow;.and oneraﬁd two
above the principle diagonal. This_forﬁ of matrix equétion is éasily

solved by Gaussian elimination. The value of M is determined by a

- criterion on the temperature gradient. If the gradient at grid plane
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i is less tﬁan some arbifrary small value, M'is set eéuél to 1. In all
" cases M was 1¢Sé thaﬁ 300. Values of wM+i and w¥+2 aré approximated by a
linear extrapolation of Wl and Wy sp»that the'numberbof unknowns is -
equal to the number of equations.

Tﬁe value offol in this case was 3etM§F.5,§ 10*6.cg,uand-At.was -
calculated at:ﬁhe end of each time. step éo thﬁt thé»ﬁé*imﬁm change iﬁ “
temperature at any grid plane during a time step was 10 ﬁé ZOfC. o

C. Numerical Solution of the Cdnductidn”and
Diffusion Equations in ZrHy

The conduction and diffusion equationé in ZrHy (Eqs. (4.31)) can

be put in the form

2 .- 2 : 2 2
3T _, 9T -, 9y _, 3y 3T _ (?E_) - (?l)..
o2 Mgt~ A a2 Ay5x 5% M \5x A \5x) ~ A Ge0) (B.lla)
2 2 2 2
9y _ g 9y _ 5 9T _ 5 3y 3T _ (?)L)_ (L)
axz Bl_Bt BZ 3x2 B3 9x ox B4 ox BS 00X (B.11b)
with boundary conditions:
ot '
X = g(Ts,yS,t) given by Eq. (4.31e) (B.11c)
x=0 -
22| = h(r_,y,,t) siven by Eq. (4.31f) (B.11d)
x=0 L
where
1 k(@y) — K(T,y)
.
p, = o
2 k

| o .
A, ﬁ[a&); mu)y N B (::)T]
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RT

* o
o (), (5

= A(x,t)/k

= 1/D
* .
-y

RT

’
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-

-

| _ 1 ﬁ[y (B(DQ*)> ,'ZDQ*X ]'

| I o * -
-3, 2 )]

general all material properties are functions of both T and y.

= - 9T 3y

IPT lPT (x’t:T:Y9 5% * 9x °
- 3T a3y ‘azT
_wy = wy (T,y, 3% ’ 8%’ ;;5

2
)

)

denote the right hand side of Egs. (B.lla) and (B.1l1lb) not includingh

the partial derivatives with respect to time. That is:

—5 = A, T +'¢T

(3.125)

(B.12b)
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By analogy with ﬁﬂe'conduction equation for iron, the Crank-Nicolson
finite difference approximations to these simultanecus equations are:

2A 2A

A?w ; ——;~w ' = --Azw - ——l-w - : :
x'i,ntl At . i,nt+l x'i,n At Tin . _ (B.13a)
o+ Y X, st ” + l’(w B + w f) l-(v +v. .) ,
: T ] i’ ntl/2 2 “i,ntl i1,n"? 2 “i,n+l i,n’
l-A'('w +w, ) l-A (v +v, )
2 x i,ntl i,n” * 2 x i,ntl  i,n” °
1,2 ,
2 Ax(vi,n+l + vi,n) i
Az 2Bl ‘ 2 ZBl
v, -

x i,ntl At vi,n+l - T Axvi,n At Vi,n
1 ' : 1
VT o YY) 07 Yy Y Ve

i’n+l + Vi,n) ?

. L
Ax(wi,n+1 + wi,n) . Ax(v

N

2
Ax (wi,n+1 + wi,n)

o=

.i;ﬁi,n+l.= g(wl,n+i * V1,041 tat1) | (B.13¢)
Ve = PO g 0 Vim0 ) S : (B.13d)
with initial conditions:
o= io for all i “: (B.13e)
Vio = y0 _ for all 1 ,":.' | (B.13f)
where wi’ﬁ and»vi,n are the finite difference solutions.for T ahd y at

the 1P grid plane at the ath time step.
The method of solution of Eqs. (B.13) is similar to that for the

and v

iren case. For the first iteration Qf'Eq. (B.13a), Vi ontl 1,ml



-170-

in Ai, ¢T‘and g are approximated by LA and v . Equations'(B.l3a)
1] . .

i,n
and (B.13c) are thén solved for_wi(iil . For the first iteration of
Eq. (B.13b), Vil and Vi oo+l in B,, wy and h are approximated by

Q@ L
wi,n+l and vi,n' Equations (B.i3b) and (B.13d) are thep solved for

Q)
Vi,ntl

The yaiues of_& and w from the first_iteratioﬁ.are’then uséd
to calculate Qélues-fof>the second iteration. The éfdééss ié repeated
until the sucéeésive iterations are'suffiéieﬁtiy clOéé-té each other.
As in the iron case, the sets of Egs. (B.l3é,c)_and (B.l3b,d) are
each in a quaddiagonal configuration and are solved'by,Gaussian
elimination. The value of Axl in this case was set at 1 x 10—7 cm.
_ The vaiue'of At was calculated at the end of each timé'Sﬁep so that
either the maximum chahge in any grid plane femperatufe during.a time

step was 10 to 20°C or the maximum change in H/Zr atom‘ratib was 0.02.

Up to five iterations were allowed at each time step.
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